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ABSTRACT
There is a vast worldwide consumption of petroleum hydrocarbons and accidental release in 
to the environment is common. For example petroleum forecourt retail outlets have 
‘interceptors’ to prevent release of hydrocarbons into the environment. The aim of this study 
was to investigate options for in-situ bioremediation of the hydrocarbon substrates within 
these ‘interceptors’ in a laboratoiy model.
The initial studies on bioremediation were undertaken with diesel as the substrate. It was 
shown that the addition of nitrogen and phosphorus to the system increased hydrocarbon 
minéralisation by a factor of 16, resulting in increased carbon dioxide evolution. There was 
str ong evidence indicating that nitrogen and phosphorus were the limiting factor for 
hydrocarbon metabolism in this aqueous system.
Trichoderma harzianum and a soil bacterial isolate LFC DlFl  were assessed and shown to 
degrade hexadecane and pristane. The positive affect of adding a cosubstrate was evident in 
flask studies; the rates of degradation by LFC D1 FI and T. harzianum were approximately 
doubled and tripled respectively in the presence of glucose compared to treatments without 
glucose.
Previous attention has focused on the ability of Phanerochaete chrysosporium to degrade 
polycyclic aromatic hydrocarbons; in this study the degradation of aliphatics was 
investigated. Spores from P. chrysosporium induced on the hydrocarbon substrate were 
found to be necessary to degr ade hexadecane.
Pseudomonas putida was unable to grow in liquid media containing hydrocarbons, however 
on solid media and in an aqueous environment containing acid-washed sand, degradation of 
hydrocarbons was evident, hr the presence of sand P. putida degraded both hexadecane and 
pristane by 70% of the initial concentr ation added; in the absence of sand no degr adation in 
the aqueous system was seen. This suggests surface attachment plays an important role in 
hydrocarbon degr adation by P. putida. The attachment and use of the sessile P. putida in 
aliphatic hydrocarbon degradation is discussed.
© Pamela Jime Phillips 2003
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Chapter 1
Chapter 1: Introduction
1.1 Contamination of land: an overview
Enonnous quantities of chemicals are used in our every day lives, in the home, 
industrially, and through farming. Many of these compounds end up in our waters 
and soils (Alexander, 1981). As a result of hundreds of yeai s of industrial processes, 
the casualty is contaminated land. The western countries are the most affected; 
however, the Baltic States, Russia and Eastern Europe have their own problems with 
land contamination, along with ammunition wastes. The most common offenders are 
hydrocaibons including polycyclic aromatic hydrocarbons (PAHs), BTEXs (benzene, 
toluene, ethylbenzene and (o-, m-,p-) xylene), polychlorinated biphenyls (PCBs), 
methane, VOC (volatile organic carbon) gases, heavy metals, pesticides, etc. Certain 
chemicals are more toxic than others or persist for longer and therefore attract more 
research attention.
The United Kingdom (UK) Environment Agency (EA) website estimates that up to
100,000 sites may be contaminated in the UK this is almost 1% of Britain. These 
sites are estimated to cover between 50,000 and 200,000 hectares, this could be 
equivalent to the area of Greater London (Environment Agency, Enviromnental Facts 
and Figures: Contaminated Land [online]). It was estimated in 1989 that worldwide 
consumption of petroleum hydrocaibons is in the order of 3.8 x 10*^  litres (lO’^  US 
gallons) per year (Prince, 1993). It has been estimated that 1.7 to 8.8 x 10  ^tonnes of 
peti oleum hydrocaibons impact marine waters world wide annually (Head and 
Swannell, 1999). There aie more than 1,500 manufactured gas plant sites in the USA
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with known coal tar waste contamination, a somce of PAHs and BTEX (Wilson 
Durant et a l, 1999). PAH content in arable soils in Western Europe has increased 4- 
times over the last century (Kirchmann and Thoi-valdsson, 2000).
The United Kingdoms’ man-made contamination originates from the 18*'’ Century at 
the stait of the industrial revolution. Accidents and bad practice have released 
chemicals in to om* ecosystems, sources of contamination include: oil refineries, 
power stations, railways, uncontiolled or illegal landfill sites, chemical works, 
abandoned mines, gas works. Ministry of Defence sites and petrol stations. A 
historical legacy has also been left fiom the Roman lead mines and the natural release 
of radon gas (Environment Agency, Enviromnental Facts and Figures: Contaminated 
Land [online]).
Contaminants that have been released into the environment that pose a threat to 
human health and the environment include: metals and metalloids and their salts (for 
example, arsenic, cadmium, sulphates and chlorides), organic compounds (for 
example, friel/hydrocarbons and chlorinated solvents), gases and vapours (for 
example, methane and carbon dioxide), inorganic compounds (for example, ammonia 
and cyanide) and others that do not fit into these categories i.e., explosives and 
pesticides (Environment Agency, Environmental Facts and Figures: Contaminated 
Land [online]).
Polycyclic aromatic hydrocarbons (PAHs) are common and widespread pollutants. 
The som'ces of PAHs include coal (principally phenantlirene, anthracene and 
naphthalene), coalwashery waste, coke, sites where coal or coke have been stored, 
boiler ash dumps, gasworks, asphalt and bitumen manufacturing plants, etc. 
(Bioremediation forum, Dr. Steve Short, 20*'’ March 2003 [online]).
Chemicals (usually synthetic organic molecules) that are not metabolised or are very 
slowly metabolised, and hence persist for long periods, are known as recalcitrant 
molecules. These are of ecological concern as some compounds are toxic while 
others aie just aesthetically unpleasant, i.e. plastics. These chemicals cannot penetrate 
the microbial cell and no extracellular enzymes are produced with the ability to act on
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them (Alexander, 1981). Recalcitrant compounds can bioaccumulate and biomagnify 
in tissues of higher plants and animals. They can also be transported large distances, 
due to their persistence; this is a concern for watercourses (Alexander, 1981).
Some studies have encompassed a wide range of chemicals species, Juhasz and Naidu 
(2000) isolated microorganisms to detemiine their ability to degiade DDT, PAHs, 
PCBs, heterocyclic aromatic compounds and other organochlorine pesticides. DDT 
(l,l,l-tiichloro-2,2-bis(p-chlorophenyl)ethane) is an organochlorine pesticide that has 
received attention due to its’ toxic and teratogenic effects. DDT is resistant to 
microbial attack and therefore has the potential to bioaccumulate in the food chain.
No microorganism has been isolated with the ability to use DDT as a sole carbon 
source, however it can be utilised by cometabolism. The inteimediates formed in the 
breakdown of DDT are more toxic and recalcitrant than the parent compound (Juhasz 
and Naidu, 2000).
Since polychlorinated biphenyls (PCBs) industrial production started over 50 years 
ago, more than 600 million kg have been produced in the USA. PCBs aie most 
widely used in transformers and capacitors. PCBs are known to bioaccumulate and 
their use has been banned in the USA (Brunner et a l, 1985). Pentachlorophenol 
(PCP) biodégradation studies in soils found inoculation with Rhodococcus 
chlorophenolicus to successfully degrade the polychlorinated phenol when compared 
to uninoculated contiols (Middledorp et al., 1990). The effect of the addition of 
barley straw, sewage sludge, analogue enrichment with biphenyl and inoculation with 
Acinetobacter on PCB degradation in soils, has also been investigated (Brunner et al., 
1985). Analogue emicliment was the most important enhancing factor for PCB 
degradation through cometabolism. Straw and sludge had no effect. Addition of 
bacteria alone had no effect. Analogue addition increased degiadation, and this in 
combination with added bacteria further improved degradation (Brunner et al., 1985).
Hydrocarbon pollution has penetrated many very different ecosystems. These 
include, seas and fresh waters (lakes, rivers, ground water) and tenestrial including 
beaches (containing sand) and inland soils (mixtuie of sand, silt and clay) (Ivshina et 
al., 1998). Chemicals released into one environment may be readily biodegradable,
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however in another ecosystem existing enviromnental conditions could mean the 
compound is long-lived. Lack of oxygen and sorption to colloidal materials are good 
examples of natural environments where biodégradation may be stifled (Alexander, 
1981).
Wlien hydrocarbon contamination impacts soils it may also result in leachate plumes 
and possible ground water contamination. Acton and Barker (1992) studied leachate 
plumes from landfill sites. They are usually anaerobic due to the heavy organic load. 
Addition of oxygen can cause aerobic metabolism, however detrimental side effects 
can occur. Nitrate and sulphate can be added as alternative electron acceptors, 
promoting denitrification and sulphate reduction (Acton and Barker, 1992). At the 
subsurface of soil the conditions are usually aerobic, at a single site a whole range of 
conditions will prevail. Therefore, the extrapolation of laboratory studies of giound 
water to the field is difficult, the complexities of the system do not easily allow 
coiTect predictions to be made (Acton and Baiker, 1992). This can be said of most 
laboratory to field extrapolations. An in-situ aquifer study details the use of oxygen, 
nitrate, phosphate and ammonia to successfully degi ade aliphatic and aromatic 
hydrocaibons down to 0.1 mg/l and 0.08 mg/l respectively over a period of 20 months 
(Werner, 1985). Heated flushing water (22 °C) was used to further increase giowth 
rates and hydiocarbon solubility.
The routes for a xenobiotic compound in the environment are illustrated in Fig 1.1.
At any given time more than one of these processes can occur simultaneously. As 
well as the routes shown in Fig 1.1, for PAHs there aie other possible routes such as 
volatilisation, photo-oxidation, and chemical oxidation (Yuan et a l, 2000). Only 1- 
2% of any oil spill will be lost by photo-oxidation and volatilisation (Betts, 1993).
When adsorbed to natural materials the PAH-binding sites in soil can be classified 
into two groups those on the mineral surface, and those on organic matter. When the 
soil is wet, most of the mineral surface is occupied by water and the PAHs will be 
mainly adsorbed on organic surfaces. In dry soil, PAHs will bind to both sites 
(Haiayama, 1997). The main processes for PAH removal are microbial 
transformation or degradation. PAH degradation usually occurs aerobically (Yuan et
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a/., 2000). In environmental systems it is the biotic processes that bring about major 
structural changes of chemicals, and not the abiotic ones (i.e. photooxidation) 
(Alexander, 1981). PAH contamination fi'om industrial sites, such as coking plants 
and gas works has caused extensive research into PAH degradation (Di Gennaro et 
al, 2001; Bouchez et a l, 1999; Weigand et a l, 2002).
Xenobiotic PollutantTransformation
Another toxic or Mineralisation Polymerisation
non-toxic compound
Bound to natural materials in Accumulation within
soil, sediments or water. an organism
Fig 1.1. An illustration of the routes for environmental contaminants (Adapted from Crawford, 
1996).
Once a xenobiotic compound has entered an environment, the process used to clean 
up the contaminated land is very site specific. The end-use of the site and time 
restraints most often dictates the remediation method. The soil itself isn’t necessarily 
‘cleaned-up’. The most common solutions include: incineration, removal to landfill, 
containment in impeimeable baiTiers and bioremediation. Table 1.1 compares the 
cost of three different remediation technologies. Bioremediation obviously has the 
economic advantage against these other methods.
Cost per cubic yard (£)
Biological Treatment of Soil 25-62
Landfill 93-154
Incineration of Soil 154-493
Table 1.1. The costs of remediation technologies (source: Crawford, 1996 (costs converted 
using a rate of 1.62 USD($) to £1 ).
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Bioremediation is not a new concept; the novelty is its expansion as an industry. 
Bioremediation has been a growing industry since the 1980s, where approximately 
10-12 companies in the US had expertise in bioremediation, by 1992 there were about 
30 companies, that figure is now in the hundreds. Articles have focused on the 
research and bioremediation advancements in the industry in the USA (Howard and 
Fox, 1994).
The UK Government housing policy involves the use of brownfield sites. For these 
sites to be developed for housing, all contaminated soil will need to be removed due 
to the potential health risk of contaminated foods grown on polluted soils being 
ingested (Collins, 1999). Bioremediation is becoming the technology of choice for 
the clean up of many polluted sites, particularly petroleum contaminated sites 
(Crawford, 1996). “It is estimated that 3.8 million new homes will be required in the 
UK by 2016. To reduce further encroachment into rural areas, the Government is 
encouraging the use of land that has been developed previously: ‘brownfield land’.” 
(Leaflet released by BA / Building Research Establishment, 2001).
The economic potential for teclmologies that can deal with the contaminated land is 
enoimous. The clean up costs for UK brownfield sites is in the order of £10-30 
billion (Collins, 1999). To leave the waste to natural attenuation would be too time 
consuming because the rate at which the waste is produced usually exceeds the rate of 
natural attenuation, there is a need for bioremediation (Atlas, 1995). An annual 
survey by MSI Marketing research for Industry revealed the annual UK market for 
contaminated land was £851 million in 2001 and was spilt 55:45 between land 
remediation and assessment (Brownfield Briefing, June 2002). Overall, the 
contaminated land market has giown 40% in four years. The most significant growth 
factors in the remediation market ar e containment and bioremediation. The huge 
increase in the assessment market was triggered by the contaminated land regime and 
brownfield policies. MSI predicts the contaminated land sector will grow during the 
2002-2006 period, with the overall growth being 28% (Brownfield Briefing, June 
2002).
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The drivers for the UK land bioremediation market are:
-  UK Governments' objective to re-use brownfield sites and the 
sustainability challenge initiated by John Battle, Minister of State 
Energy and Industiy on 9 April 1999;
-  Shortage of housing is putting pressure on the use of brownfield sites 
to be developed;
-  Environmental legislation. Part Ila Environment Act (1995);
-  Public perception/media coverage;
-  New landfill legislation 1st April 2000. hicreases in landfill tax to 
discourage and stop disposal of toxic oil and chemical waste in landfill 
sites;
-  Stricter regulations for disposing to landfill and lack of landfill 
disposal sites;
-  Real estate tiansfer and the polluter pays policy (Atlas, 1995);
-  The liability of contaminated land is an economic driver (Atlas, 1995).
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1.2 Contaminated land legislation In the United Kingdom
The government inserted section 57 Enviromnent Act 1995 into the Environmental 
Protection Act 1990, which is known as Part Ila. Environment Act 1995 Part Ila 
provides methodology for identifying and remediating contaminated land. For the 
first time a specific definition of contaminated land was included:
"Land which appears to the local authority in whose area it is situated to be in such 
a condition, by reason o f substances in, or under the land that (a) significant harm 
is being caused or there is a significant possibility of such harm being caused or (b) 
pollution o f controlled waters is being or is likely to be caused. " (DETR Circular, 
2/2000 [online]).
“Harm” means any harm to the health of living organisms, or other ecological systems 
of which the living organisms foim pai*t of, including property. This new definition is 
intended to embody the risk assessment concept. Enviromnental risks are to be 
assessed by the ‘pollutant linkage’ : ‘source -  pathway -  receptor’. This requires that 
there be a source (a substance with the potential to cause significant harm) on land, a 
pathway for the source to be exposed to the target (i.e. ground water) and a receptor or 
target (a living organism or its’ ecological system) that has access to the land (DETR 
Circular, 2/2000 [online]).
Under these new provisions the Local Authorities (LA) are placed imder a statutory 
duty to carry out the following:
-  Inspect their area;
-  Identify contaminated land;
-  Identify who is liable for the remediation of the land;
-  Secure remediation and advice;
-  Act in default cost recovery.
The first step for the LA is to survey the borough and identify any land that needs 
detailed investigation; a strategy for achieving this was required by 1 July 2001. The 
cential government would then approve this strategy and the LA would then 
implement it. Some sites could be designated as ‘special sites’, at this point the
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Environment Agency takes over and is the enforcing authority, with additional powers 
to ensure the contamination is mitigated.
Any sites identified as requiring clean up; wherever practicable the remediation of the 
site will proceed by agreement with the site owner, rather than by formal action by the 
Local Authority. The LA m*e committed to use the ‘suitable for use’ approach, so the 
clean up of a piece of land is only necessary when (i) the pollutant poses an 
unacceptable risk to health or the environment and (ii) there are appropriate and cost 
effective measures for remediation, taking into account the end-use of the site (DETR 
Circular, 2/2000 [online]).
The LA does have powers to serve a ‘remediation notice’ to a site owner when the 
remediation is necessary, but is not being carried out and the ‘polluter’ cannot agiee 
with the LA on the remediation process. The ‘remediation notice’ will then specify 
the work and the timescales for remedial works. The Local Authorities will hold 
public registers of remediation notices; this disclosur e to the public is an important 
driver to encourage remedial action.
This new regime also details who is responsible for the cost of investigation and 
remedial works. The principle that the govermnent has adopted, is the ‘polluter pays’, 
however, if the polluter cannot be found then the liability could fall on to the current 
land occupier or owner, even if that person is unawar e of the existence of 
contamination and had no part in causing it (DETR Cncular*, 2/2000 [online]).
Along with this statutory guidance, new technical documents have also been 
published in recent years. These superseded the 1979 ICRCL guideline values for 22 
listed compormds. The government has also developed a quantitative risk assessment 
methodology, CLEA, for the toxicological data to be inputted and an overview of 
methods for the collection of the toxicological data. This will allow consultants to 
calculate guideline values for site-specific risk assessments (DETR Circular', 2/2000 
[online]).
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1.3 Bioremediation: an overview
The tenus biodégradation and bioremediation are very similar' and are often used 
interchangeably. There are several definitions for bioremediation:
"Bioremediation is the acceleration of biodégr adation through addition of nutrients or 
other materials to contaminated environments or thr ough manipulation of the 
contaminated media using techniques such as aeration or temperature contr ol" (Hoff, 
1993).
"Bioremediation is the process by which living organisms and their constituents are 
used to break down the molecular* structure of the contaminant into less complex, non- 
hazardous substances" (Baiba et al., 1998b). The definition given by Baiba et al. 
(1998b) for bioremediation is very similar to Hoffs (1993) definition of 
biodégr adation: "Biodégradation is the natural process by which bacteria and other 
microorganisms breakdown organic molecules eventually reducing them to fatty acids 
and carbon dioxide."
Biodégradation is the non-specific term used for all biological degradation. 
Biorernediation is often thought of today as the acceleration of the natur al 
biodégr adation process by the inter'vention of man (Hoff, 1993). Weathering, on the 
other hand, encompasses the microbial and physical processes (i.e. photodegradation, 
tidal, and wave action) that promote chemical breakdown of the oil molecules (Hoff, 
1993).
Bioremediation is the enhancement of natural attenuation, so the limiting factors need 
to be identified so that they can be rectified. Often the limitations to bioremediation 
rates are (Crawford, 1996; Betts, 1993):
1. Mass transfer of contaminants (desorption and diffusion);
2. Biodégr adation rate, which depends on;
o Optimum temperature 
o Optimum pH
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o Water content
o Availability of oxygen and nutrients, and 
o Microbiological content of the soil.
The presence of hydrocarbons in soils themselves actually reduces water availability 
and sufficient aeration; the reduction in oxygen may be due to the competition for 
oxygen between germinating seeds and hydrocarbon-degrading microorganisms. The 
persistence of oil compounds in soil reduces levels of total soluble proteins, total 
soluble sugars, nucleic acids, free amino acids in leaves and leghaemoglobin content 
in the root nodules of Vigna mungo (Ilangovan and Vivekanandan, 1992).
Crude oils long-term persistence has been studied and they can be expected to persist 
in the smface of soils for over 10 years (Sexstone and Atlas, 1978). The extent of the 
persistence of oil will depend on the extent of spillage, type of soil and climatic 
conditions, therefore being site dependent. Very low concenti ations of chemicals can 
persist. If the rate of penetration into the cell is too slow, the microbe may not get 
enough energy fiom the chemicals metabolism to maintain itself, thus it will not be 
able to replicate and may die out (Alexander, 1981).
For bioremediation to be successful the above issues need to be addressed by ensuring 
(Baiba e? a/., 1998b):
1. Appropriate microbes are present in adequate numbers.
2. The environmental conditions effecting microbial growth and performance are 
optimised through engineering design.
3. Good aeration and nutiient supplements.
This refers to both land and marine bioremediation; the principles of bioremediation 
being the same, i.e. to enhance natural biodegiadation by stimulating microorganisms. 
Pollution of teiTestrial ecosystems is most often by petroleum-derived fuels, unlike in 
marine ecosystems where crude oil is usually the pollutant (Richard and Vogel, 1999). 
Gasoline can be efficiently treated by physio-chemical methods, however heavier 
fuels like diesel require other techniques due to its low volatility (Richard and Vogel, 
1999).
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1.3.1 Laboratory bioremediation studies
Laboratory bioremediation studies aie widely used to assess on-site bioremediation 
potential before full-scale remediation is instigated. Mana Capelli et al. (2001) used 
batch reactors to assess indigenous bacteria ability to degrade crude oil in soil over 45 
days. Total hydrocarbon content was reduced, the saturated and aromatic 
hydrocarbons were most readily degraded, only minor degradation of the resins and 
no degradation of the asphaltenes was seen.
At a manufactured gas plant in Maryland laboratory studies were undertaken in 
aquifer microcosms with oxygen/nitrate electron acceptor additions to observe an 
improvement in biodégradation of aromatic hydiocaibons (Wilson Durant et al,
1999). The different oxygen and nitrate levels and mixtures had different effects on 
the different compounds studied. Overall, a mixture of nitrate and oxygen addition, at 
an oxygen concentration of 7 mg/1 resulted in the highest compound removal.
Grossi et a l (2000) looked at the anaerobic degiadation of pristane (C19 acyclic 
isoprenoid alkane) using a mixed marine bacterial and/or archael community.
Pristane was degraded by 85% when nitrate-reducing processes were avoided. Coates 
et al. (1997) studied the anaerobic degradation of a range of polycyclic aromatic 
hydrocarbons. Hexadecane, methylnaphthalene, fluorene, and fluoranthene were 
metabolised under sulphate-reducing conditions in hydrocarbon-contaminated 
sediments.
Weigand et al. (2002) studied the interplay of two processes (i) physical processes, 
such as solute transport and (ii) biodégradation on anthracene in soil columns. A third 
of the overall anthracene loss observed fi*om the column was due to solute transport, 
while the other two thirds was due to biodégr adation. Incomplete metabolism of 
anthracene produces more mobile metabolites which promotes the export of 
anthracene into groundwater. An important conclusion by Weigand et al (2002) is 
that the limited bioavailability of the contaminant is most likely due to the short 
residence time dictated by the transport conditions. Therefore, results from static 
bioreactor studies may be seriously over estimating the biodégradation potential at 
contaminated field sites.
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Table 1.3 is a summaiy of the many biodégradation laboratory studies. The key 
features of the studies i.e. hydi’ocai'bon substrate, starting concentration, system (soil, 
water, etc.) have all been shown. The table illustrates the many differences between 
the studies and although comparisons can be made (biodégradation rates calculated 
for this purpose) the differences should be considered.
The chemical characteristics of the contaminants listed in table 1.3 are outlined in 
table 1.2.
Compound Molecular
Formula
Molecular
Weight
Boiling
point
Melting
point
CQ
Flash
point
CQ
Density
(g/ml)
1-methyl­ CiiHio 142.2 241-245 1.022
naphthalene
2-methyl- CiiHio 142.2 30-34
naphthalene
Anthracene C14H10 178.0 340 214 121 0.006
Benzo[ajpyrene C20H12 252.3 179
Decane C10H22 142.3 173-174 0.730
Fluoranthene CiôHio 202.3 384 107-110
Fluorene C13H10 166.2 298 114-116
Hexadecane C16H34 226.2 287 18 0.773
Naphthalene CioHg 128.2 218 80-82 79
Phenanthrene C14H10 178.2 340 100 153 1.063
p-xylene CgHio 106.2 137-144 29 0.860
Pyrene CieHio 202.3 149-151
Toluene C7H8 92.1 110-12 <7 0.870
Table 1.2. The chemical characteristics of the compounds used in studies outlined In table 
1.3.
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1.3.2 Field biorernediation studies
In-situ biorernediation studies aie harder to control and monitor than laboratory based 
studies. General techniques for field biorernediation are briefly outlined below:
1. Bioreactors (above ground)
Bioreactors can be used to treat liquids, vapours or solids in a sluny phase.
Suspended microorganisms or adsorbed biofilms with biodégradation abilities for the 
compounds of interest are used. The microorganisms could be indigenous 
populations, pure cultmes or genetically modified organisms (GMOs). Oxygen or 
other electron acceptors i.e. nitrate, carbon dioxide, sulphate may need to be added, 
along with nutrients and trace elements. The advantage with using bioreactors is that 
they can be stiictly controlled (i.e. temperature, pH, etc) and they are contained 
systems (Crawford, 1996).
2. Solid phase treatment
This involves putting soil to be treated in a lined pit and adding nutrients and oxygen 
to stimulate indigenous bacteria. Inoculants can be added if the situation is 
appropriate. This is a particularly useful technique for petroleum-contaminated soils.
3. Composting
This is a variation of solid-phase treatment. The soil is placed in piles and tilled. The 
C: N ratio needs to be particularly considered and the addition of fertilisers may be 
needed. The tilling of the piles is labom* intensive.
4. In-situ Bioremediation
The soil is not removed, it is left in place and the indigenous pollutant-degiading 
microbes are stimulated by nutrient additions, such as nitrogen and phosphorus, 
electron acceptors, oxygen via sparging wells or chemically (H2O2). The problems 
associated with this technique are: microbial populations plugging wells, sub-surface 
formation of biomass, difficult to sample oxygen in the subsurface, inability to move 
nutrients and electron acceptors to all regions of the subsurface (Crawford, 1996). It
20
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is unlikely all free product can be removed, therefore leaving reservoirs of low 
concentrations of slowly releasing contaminant (Alexander, 1981).
5. Landfarming
This is an ex-situ treatment where soil is removed and spread at depths of between 15- 
50 cm. This allows aeration to be achieved by tilling. Optimum moisture is 
maintained and nutrients are added. The pH can be adjusted by liming and surfactants 
can be added to increase the desorption rate, however the mixing and amount of 
sui'factant needed increases the cost of landfarming (Crawford, 1996).
There are drawbacks to bioremediation in general (some have already been mentioned 
as problems with in~situ bioremediation):
1. Bioremediation can only be used on bioavailable contaminants.
2. It is not effective with soils of low permeability as they may become clogged with 
over abundant microbial growth (Crawford, 1996).
3. Residual contamination may remain when concentrations of the pollutant become 
too low to sustain a microbial population that uses it as a carbon source (Atlas, 1995).
It is apparent that each contaminated site is different and has individual characteristics 
that influence the success of bioremediation. Therefore, the techniques that work at 
one site will not necessarily work at another. Each site needs its own feasibility 
studies and efficacy demonstrations (Atlas, 1995)
Increasing bioavailability of oil to microorganisms and seeding with hydrocaiton- 
degraders has been tested in laboratory and field studies with mixed outcomes. By far 
the simplest approach is addition of nitrogen and phosphorus in a well oxygenated 
environment. In the presence of a lai'ge carbon overload niti'ogen and phosphorus 
soon become the limiting factors (Pritchard and Costa, 1991).
Two major man-made disasters gave an opportunity to test biorernediation feasibility 
on a large field scale; the Exxon Valdez oil spill and The Gulf War.
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1.3.2.1 Exxon Valdez oil spill
The Exxon Valdez ran agi'ound in March 1989 in Prince William Sound, Alaska, 
spilling approximately 42 million litres of Prudhoe Bay crude oil (Jewett et al, 2002). 
This resulted in about 2,000 km of rocky intertidal shoreline contaminated with oil 
(Bragg et a l, 1994). 30% of the Alaska North Slope oil evaporated within two weeks 
of the spill, clean up and biorernediation studies ensued. The addition of fertilizers 
Inipol EAP 22 (oleophilic liquid fertilizer) and Customblen (slow-release granulated 
fertilizer) were used to stimulate indigenous microorganisms; no microbial seeding 
was used (Bragg et a l, 1994). USEPA only found bioremediation to be effective in 
some areas/tests, however Bragg et al (1994) used hydrocarbon loss compaied to 
hopane as the measure of bioremediation and concluded the addition of fertilizers 
accelerated the rate of biodegi adation by a factor of five or more compared to un­
treated controls. Physical washing of oil off the shoreline and collecting it with 
skimmers occuned before the fertilizer application (Prince, 1994). 74 miles of 
shoreline was tieated like this in 1989 and then approximately a third was treated 
again in 1990.
The bioremediation of the Exxon Valdez oil spill was shown to be a safe clean-up 
operation. No adverse ecological effects were seen, the fertilizers caused no 
euti'ophication, or release of oil residues from the beaches or toxic responses by 
marine test species (Pritchard and Costa, 1991).
The Exxon Valdez spill has continued to attract scientific attention; in a recent study 
biomarkers of hydrocarbon exposure were elevated in fish from sites originally oiled, 
in comparison to fish from unoiled sites 10 years after the spill (Jewett et a l, 2002).
A bioremediation forum (Bioremediation forum [online]) has recently had some 
discussions on the effectiveness of the clean-up operation of the Exxon Valdez oil 
spill. This is a discussion gi'oup and the comments given here aie personnel opinions 
and are not references fr om peer-reviewed publications.
Four hours of training was deemed acceptable to work at the site, it was considered 
that because the oil was ‘weathered’ its’ toxicity was reduced and it was not classified
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as a hazardous site. If the site had been designated a ‘hazardous site waste cleanup’, 
40 hours of tiaining in handling dangerous materials would have been needed. 
Adherence to health and safety regimes was not met. Respirators were not available, 
or were not worn. Goggles were often not worn, and gloves were discarded because 
they did not fit or got in the way, this left the skin, eyes and limgs exposed to 
hundi eds of different toxic chemicals. It was not just the oil that posed a threat, the 
strong solvents used in the clean up gave off hazai'dous fumes when it was applied 
fiesh. A key ingredient in Inipol EAP 22 is 2-butoxyethanol, a heavy-duty solvent 
(Bioremediation forum, Richard Schaffiier on behalf of Ms. Diann Hursh, Valdez, 
Alaska, 10*’’ June 2002 [online]).
At what cost was the clean up ‘successful’, “there appear to be hundreds, maybe even 
thousands, of workers that were affected negatively, probably by their exposure to 
chemicals used in the cleanup process”. Thousands were involved in the clean up of 
the worst oil disaster in US history, and there have been reports of illnesses from 
headaches, nosebleeds and cataracts to lung cancer (Bioremediation fomm Richard 
Schaffher on behalf of Ms. Diann Hursh, Valdez, Alaska, 10*’’ June 2002 [online]). A 
long-term monitoring health study is being instigated for all the workers of the Exxon 
Valdez oil spill clean up, supported by the Alaska Conservation Foundations 
(Bioremediation forum Richard Schaffher on behalf of Ms. Diann Hursh, Valdez, 
Alaska, U* August 2002 [online]).
The official website for the Exxon Valdez spill summary suggests the winter storms 
did more to clean up the spill than anything else. (Biorernediation forum Richard 
Schaffher on behalf of Ms. Diann Hursh, Valdez, Alaska, 10*’’ June 2002 [online]).
1.3.2.2 The Gulf War, Kuwait
The Gulf Wai" in 1991 was one of the worst man-made environmental disasters; it 
resulted in leakage of millions of gallons of crude oil into waters and surrounding land 
(Baiba et a l, 1998b). It is estimated that 4-6 million banels of crude oil was spilt 
over the Saudi Arabian Gulf coasts and water (Fayad et a l, 1992). Another report 
estimates a loss of 60-80 million barrels of crude oil (Al-Gounaim et a l, 1995). 330 
oil lakes covering 49 km^ were formed (Baiba et a l, 1998b).
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After the Gulf war in Kuwait a study on soil management to enhance oil 
biodegiadation was canied out. The control treatment with no interference lost 45% 
of M-alkanes due to environmental conditions this could be enhanced by liming, 
sodium chloride or nitrate addition. Addition of sewage sludge was inhibitory due to 
an increase in acidity, liming annulled this effect (Radwan et a l, 1995). There was no 
need for microbial seeding in the Kuwaiti desert, indigenous microbial load of oil- 
degiaders was sufficient for biodégradation (Radwan et a l, 1995). The predominant 
oil-utilising bacterial strains were Bacillus, Pseudomonas, Rhodococcus and 
Streptomyces. Oil-utilising fungi were found to be less frequent, and were 
predominantly and Pénicillium species (Radwan et a l, 1995).
Another study on the desert soil of Kuwait isolated 62 fungal isolates from polluted 
soil samples, the most predominant was Aspergillus sp. Other species included 
Alternaria, Fusarium and Pénicillium. 66 bacterial isolates were isolated fr om 
polluted samples, with several stiains from the predominant species oiPseudomonas 
and Arthrobacter. The n-alkanes pattern of degradation varied with the structure of 
the microbial population and the amount of residual oil in the samples (Al-Gounaim 
e ta l, 1995).
A study focused on assessing the effectiveness of a commercial bacterial product 
(consisting of naturally occuning microorganisms) to degrade mousse (weathered oil) 
fr om the Gulf oil spill, the study was actually perfoimed in the laboratory but used the 
Gulf seawater and actual pollutant from an oil spill in the Arabian Gulf (Fayad et al, 
1992). The bacteria degi aded the alkane fr action of the oil, the biodégradation 
depended on the amount of bacteria and/or nutrients relative to the oil concentration.
Baiba et a l (1998b) carried out studies on oil polluted Kuwaiti soil. They 
supplemented the soil with inorganic fertilisers to give the optimum C: N: P ratio. 
Compost and wood chips were added to improve soil water retention and provide 
suitable carbon sources to enhance microbial growth and cometabolism.
They used three types of bioremediation techniques all over a period of 12 months:
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landfaiming (irrigated and regulai'ly tilled) resulted in a degradation of 90.5% of 
alkanes and 82.5% of total petroleum hydrocarbons (TPH). Windrow composting 
piles (supplied with water and nutrients continuously and tilled regularly) showing a 
degi'adation of 82.7% of alkanes present and 74.2% TPH, and static bioventing piles 
(given a continuous flow of air, water and nutiients) consumed 82.4% of the alkanes 
and 64.2% of TPH. Two bacterial cultures and white rot fungus {Phanerochaete 
chrysosporium) were immobilised on woodchips and cardboard and used as an 
inoculant in all three methods (Baiba et a l, 1998b). All thiee treatments gave a 
decrease in oil concentration compared to contrais. Landfaiming achieved the best 
results in the study. Although the land faim and windrow composting piles gave the 
best results, their operation and maintenance costs were drastically higher that that of 
static bioventing. The other benefit with static bioventing is it needs a much smaller 
site ai'ea and has lower water requirements (Baiba et a l, 1998b). Soil bioremediation 
can require large quantities of fresh water over a long period of time to maintain the 
moisture content of the soil for optimum microbial activity. These vast quantities of 
water can lead to leaching of salts and reduction of soil salinity (Baiba et a l, 1998b).
Chemical analysis and isolation of oil-degiading microorganisms was earned out 
from Kuwaiti soil and oil sludge of oil-lake No. 12 (Cho et a l, 1997). Two strains 
from Rhodococcus species and one strain fr om Nocardia sp. were identified. Kuwait 
is very dry, the limited rainfall means the soil accumulates salt and is alkaline, this is 
not suitable chai acteristics for the growth of microorganisms. While Gram-positive 
bacteria and fungi can survive under dry conditions, these conditions are not optimum 
for Gram-negative bacteria. The biodegi adation of aromatic compounds is mostly by 
Gram-negative bacteria. The work here suggests a low population of aramatic 
hydrocai'bon-utilising bacteria were present in the Kuwait desert and therefore 
degradation of the aromatic compounds was limited (Cho et a l, 1997). This is 
contradictory to Radwan et al (1995) and Baiba et al (1998b) reports.
1.3.3 Techniques to determine bioremediation potential
With all bioremediation studies being site specific a study looked at the 
microbiological and feasibility assays that can be used to assess the bioremediation 
potential of field sites (Baiba et a l, 1998a). Some of the methods suggested include
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microbial enumeration, dehydrogenase activity, soil respirometric tests, and 
biodégradation microcosm tests.
Due to the heterogeneity of a site and the contamination in the field, the evaluation of 
hydrocarbon metabolism is difficult, so biomarker compounds such as octadecane 
(C18):phytane ratios and hopane have been used. There are limitations to this 
quantification method, phytane does degrade slowly so the ratio can underestimate 
degradation, octadecane is rapidly degraded so it is only useful during the early stages 
of bioremediation (Baiba et a l, 1998a).
The best methods for soil and sediment spiking of test compounds has been 
investigated (Northcott and Jones, 2000). The spiking procedure used can influence 
the compounds behaviour in the experimental system, specifically the matrix storage, 
drying and rewetting, and the effect of a earner solvent.
Molecular biology to assess the microbial populations in environmental samples is a 
common procedure and has been reviewed (Stapleton et al, 1998). A study has used 
reverse transcriptase -  polymerase chain reaction (RT-PCR) to identify the bacterial 
coimnimity metabolically active in PCB polluted soil (Nogales et a l, 1999). Another 
gioup used RT-PCR and found the rRNAnDNA ratio was at its highest during the 
fastest phase of hydrocarbon degiudation. This suggests the density of the bacterial 
community did not substantially change but the overall metabolic activity increased 
(Ka et a l, 2001).
The techniques to assess bioremediation potential have recently been discussed in the 
bioremediation discussion group. The following are personal opinions and are not 
peer-reviewed references.
Microcosm and/or mineralisation studies ai e the most widely used by people in the 
industry to assess bioremediation potential. Microbiological or molecular biological 
techniques give an estimate of activity, however the presence of the genetic ability to 
degrade contaminants may not necessarily mean degradation will occur as the
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environment may not be optimal for the microbial community to metabolise the 
contaminants (Bioremediation forum, Paul Taylor, 21.02.02 [online]).
A microcosm/ mineralisation/ respirometric experiment would show whether actual 
degradation is occuning and optimising the environment could be tested at the same 
time. A combined approach of both molecular and microcosm studies would yield the 
best data set. It seems the molecular techniques are often used when assessing the 
potential for degradation of chlorinated hydiocarbons like TCE. The last couple of 
steps in TCE degiadation are achieved hy Dehalococcoides ethenogenes and its’ close 
relatives only. So, PCR to show whether this organism is present in TCE 
contaminated sites can demonstrate the potential for complete conversion of TCE to 
ethylene (Bioremediation foi*um, Paul Taylor, 21.02.02 [online]).
Plate coimts of microorganisms from environmental samples are not a very useful 
technique. As it is widely known, the number of organisms isolated on laboratory 
media from soil is very small (often less than 5%), so plate counts will always be an 
underestimation (Bioremediation forum, Paul Taylor, 21.02.02 [online]). However, 
plate counts could be useful during bioaugmentation to monitor an increase in 
microbial numbers over an experimental period.
Analytical chemistry and geochemical analyses are most often used, these directly 
measure a reduction in contaminant and changes in electron acceptor profiles, and 
sometimes microbiology is used as the back up. The people who do carry out DNA 
based assessments or plate counts find they have a better understanding of what is 
going on at the site and they are better prepared to deal with the regulators 
(Bioremediation forum, Paul Taylor, 21.02.02 [online]).
Laboratory based treatability studies have a place, they can allow you to look at 
various potential treatments much cheaper than in the field (Bioremediation forum, 
Mike Lee, 21.02.02 [online]).
Another comment suggests microbiological testing is not representative enough of the 
large-scale field situation. Due to the heterogeneity of the subsurface and the
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presence of microniches, a microbiological approach would not give enough 
information for adequately characterising conditions at the scale which conceptual 
models are based on. Water quality sampling provides information on a much 
broader scale, this technique for characterising the nature of the microbiological 
processes has been broadly accepted by the USA Air force and the USA 
Environmental Protection Agency (Bioremediation forum, Richai'd Schaffher,
21.02.02 [online]).
Under certain circumstances different more extensive characterisation is needed, and 
this will depend on the agencies involved and if they believe the compounds ai e 
normally degraded by naturally occuning microorganisms, i.e. BTEX, lighter fuel 
hydrocarbons. Geochemical indicators of redox potential and plume monitoring is 
sufficient, however if the agencies think the compounds will not be degi aded by 
natuially occuning microbes then microbiological tests may be needed to prove 
natural attenuation is occurring or can occur (Bioremediation forum, Richard 
Haimann, 21.02.02 [online]). There are limitations with microbiological teclmiques, 
such as microcosm or laboratory cultuie studies as they show that the organisms do 
exist at the sub-surface, but do not provide insight into the deeper depths and rate of 
degradation in the field. They may show potential but do not represent what is 
actually occuning in the field. Field microcosm studies are expensive 
(Bioremediation forum, Richaid Haimann, 21,02.02 [online]).
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1.4 Crude oil chemistry
Oil contains thousands of different individual chemical species that all degi'ade at 
different rates. Oil is a complex mixture of hydrocai'bons with four main constituents: 
aliphatics, aromatics, cyclic and NSO compounds (contain nitiogen, sulphur or 
oxygen). These compounds can be found in gas, liquid or solid form in oil depending 
on the prevailing conditions (Betts, 1993). Nitrogen contributes to 1%, while sulphur 
constitutes less than 7% of cmde oils. A very small amount of heavy metals can also 
be found in cmde oil, including lead, mercmy, cadmium, copper, iron, nickel, and 
vanadium (Betts, 1993).
The main hydrocaibon classes found in oil are illustrated in Fig. 1.2. The chemical 
composition of cmde oil has a marked effect on its biodegi adability, and depending 
on the proportions of the components, oil will be more or less susceptible to 
biodegiadation (Atlas et a l, 1980). South Louisiana cmde oil and fuel oil were toxic 
for bacteria from a pristine environment; cmde oil gave the greatest toxicity this may 
have been due to its presence at a slightly higher concentration (Walker et a l, 1975).
Compositional changes in spilled oil occur shortly after spillage due to weathering 
and biodegiadation. It has been shown that after initial degradation, the rates decrease 
significantly (Atlas et a l, 1980).
A petroleum hydrocarbon mixture, with its multitude of potential primary substrates, 
provides an excellent chemical environment in which co-oxidation can occur. In 
nature it is seldom that hydrocarbons appear individually, they are usually as a 
mixtuie. It is therefore important to study them as a mixture (Eriksson et a l, 1999). 
Burback and Perry (1993) used Mycobacterium vaccae to examine the degradation 
patterns of hydrocarbons in a mixtiue, the hydrocarbons studied included; acetone, 
cyclohexane, benzene, ethylbenzene, propylbenzene, dioxane and 1,2- 
dichloroethylene. The components in a mixture can have positive or negative effects 
on the rates of degradation of other components in the mixture. In nature 
hydrocai'bons are present as a mixture, and the presence of certain hydrocarbons can 
influence the degradation of others (Burback and Perry, 1993).
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CHg— CH2"  CHg"^  CH2^ CHg— CHg
Alkane
CH.
CHo 
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CHg— CHg— CHg— C H g "  C H g ^  CHg— CHg
CH3
Iso-alkane (branched alkane)
Cycloalkane Aromatic Hydrocarbon Polyaromatic Hydrocarbon
Fig 1.2. An illustration of the chemical structures for the main hydrocarbon classes.
All the classes of hydiocarbons shown in Fig 1.2 ai e found in crude oil. The next 
figure (Fig 1.3) shows a selection of alkanes, cycloalkanes and aiomatic hydrocarbons 
present in oil.
CHo
I  ^GHo/ t GHo/ V
GH.
GHo
I
GHo/ t GHo/ r
GHo
I
GHo/ T GHo/ T
GHo
I
GHo/  VGH. GH. GH. GH. GH. GH. GHo
Pristane
GH.
GHo/ t GHo/  T GHo/ f GHo/ t GHo/ t GHo/ t GHo/ \ GH.GH. GH. GH. GH. GH. GH. GH.
Hexadecane
GH2~ GH 2~ GOO H
NaphthenIc acid Benzene Benzocyclohexane Cyclohexane
Fig 1.3. Examples of alkanes, cycloalkanes and aromatic hydrocarbons found in oil.
Pristane is a C19 acyclic isoprenoid hydrocarbon (2, 6 ,10,14-tetramethylpentadecane) 
and is present in the atmosphere largely through oil spills, but is also produced by
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diagenesis from different precursors such as: bound tocopherols, lipids of Archaea, 
and the phytyl moiety of chlorophyll (Grossi et a l, 2000). Hexadecane has been used 
in many studies as a ‘model’ straight chain aliphatic hydrocarbon due to its’ medium 
chain length and insolubility (Noordman et a l, 2002; Bouchez-Naitali et a l, 1999; 
Graham et a l, 1999).
M-alkanes in length C10-C20 are the prefeiTed substiates, shorter chain compounds are 
slightly toxic and longer chain alkanes (C20-C40) are hydrophobic solids that aie 
known as waxes, they are very difficult to degrade. The branched alkanes are 
degraded more slowly than the corresponding alkane (Baiba et a l, 1998a). The 
asphaltenes being so inert, insoluble, recalcitrant and analogous to humic material 
may be considered unlikely to be environmentally hazardous (Baiba et a l, 1998a).
It has been shown that a naturally occurring mixed microbial population metabolised 
longer chain aliphatics more easily than short chain aliphatics, acyclic or aromatics 
(Jones and Edington, 1968). Cyclo-alkanes (i.e. decalin) are the most resistant 
compounds to microbial attack among saturated hydrocarbons (Ko and Lebeault, 
1999).
1.4.1 Polycyclic aromatic hydrocarbons (PAHs)
Many polycyclic aromatic hydrocarbons (PAHs) in crude oil are toxic, mutagenic and 
cai'cinogenic (Cemiglia et a l, 1978). Added to the fact that high moleculai" weight 
aromatics (and resins and asphaltenes), are generally considered recalcitrant or exhibit 
low biodégradation rates (Baiba et a l, 1998a), they receive a lot of research attention. 
The focus on this group of hydrocarbons has lead to this separate section.
Naphthalene is the smallest of the PAHs, both in size and molecular weight and the 
most soluble of the PAHs (Leblond et al, (2001). It is a priority contaminant found 
in industrial effluents and coal tar (Grimm and Harwood, 1997). Its’ structure is 
illustrated in Fig 1.4 along with phenantlirene another PAH that has attracted research 
attention (Boldrin et a l, 1993; Sanseverino et a l, 1993; Caimichael and Pfaender, 
1997). Naphthalene is relatively easily metabolised by soil bacteria and has therefore
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been used as a model compound for biodégradation studies (Grimm and Hai'wood, 
1999; Cernigliae?a/., 1978; Stingfellow and Aitken, 1995).
Naphthalene Phenanthrene
Benzo[a]pyrene 
Fig 1.4. Typical polycycllc aromatic hydrocarbons found in oil
Due to the carcinogenicity and abundance of PAHs as environmental contaminants, 
16 PAHs have been designated as ‘priority’ PAHs by the UK Environmental Agency. 
Table 1.4 lists the priority PAHs with their empirical formula and molecular weight.
Compound Empirical
Formula
Molecular
weight
Naphthalene CioHs 128
Acenaphthylene C12H8 152
Acenaphthene C12H10 154
Fluorene C13H10 166
Phenanthrene C14H10 178
Anthi'acene C14H10 178
Fluoranthene CiôHio 202
Pyrene CiôHio 202
B enzo [a] anthracene CigHi2 228
Chiysene C18H12 228
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Compound Empirical Molecular
Formula weight
Benzo [b] fluoranthene C20H12 252
Benzo [k] fluoranthene C20H12 252
Benzo [ajpyrene C20H12 252
Dibenzo [a,h] anthracene C22H12 276
Benzo [ghijperylene C22H12 276
Indeno[l ,2,3-cd]pyrene C22H12 276
Table 1.4. A list of the 16 priority PAHs, adapted from Doong and Chang (2000)
The PAH structures preferential degradation has been studied by Leblond et al, 
(2001). Using a selection of bacterial strains including P. putida they used 
naphthalene as the base structure due to being the most water-soluble and bioavailable 
PAH, and increased methyl substitutes on the ring and increased ring numbers to 
assess whether there is a preferential degradation of less complex PAHs. The study 
confirmed that an increase in tire number of methyl substituents and an increase in 
ring number decreased the rate of degradation (Leblond et a l, 2001). Therefore, the 
more complex the PAH structure the more recalcitrant it is.
PAH degradation itself causes some concern due to the toxic intermediates that are 
produced (dihydrodiols), however studies in sediments suggest their accumulation is 
not a cause for concern as they are quickly broken down themselves in the natural 
environment (Baiba et a l , 1998a). Attention has focused on the lower molecular 
weight PAHs, however Phanerochaete chrysosporium has been found to degrade the 
higher weight PAHs and a Mycobacterium strain has been shown to metabolise 
pyrene (Baiba et a l, 1998a).
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1.5 Enzymatic pathways of hydrocarbon metabolism
Depending on the chemical species, different enzymatic pathways exist in microbes to 
deal with the different constituents of oil (Betts, 1993). Alkane biodégradation is the 
most well known and the most rapid. In Fig 1.5, the alkane biodégr adation pathway 
by most microorganisms is illustrated. The figure also shows the enzymes involved in 
this pathway.
CHj-(CH2)u—CHg alkane
▼
C H g— (C H g ln — C H g O H  alcohol
alcohol dehydrogenase
C H g— (C H g ln  — C H O  aldehyde
aldehyde dehydrogenase 
C H 3- ( C H 2 ) n — C O O H  fatty acid
▼
B-oxidation
Fig 1.5. Alkane degradation pathway (taken from Betts, 1993).
The fatty acids enter the p-oxidation pathway, which involves the formation of two- 
carbon-unit shorter fatty acids and acetyl coenzyme A. Carbon dioxide is eventually 
liberated. Some fatty acids are toxic and have been found to accumulate during 
hydrocarbon biodégradation (Atlas, 1981).
Subterminal oxidation sometimes occurs on alkanes, which forms a secondary alcohol 
and subsequent ketone, but this does not appear to be the primary metabolic pathway 
used by most «-alkane degrading microorganisms (Atlas, 1981).
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Branched alkanes degrade less well compared to alkanes due to steric hindrance of the 
enzymes involved (Betts, 1993). The highly branched isoprenoid alkanes, such as 
pristane, undergo omega-oxiddAion, which fonns dicarboxylic acids, as their major 
pathway. Methyl branching generally increases the resistance of hydrocarbons to 
microbial attack, since methyl branching at the beta position blocks p-oxidation, so an 
additional strategy, such as a^/za-oxidation, omega-oxiddAion or beta-aAkyl group 
removal is needed (Atlas, 1981).
The aromatics degradation pathway in bacteria is slightly different from the alkanes; 
the principle being similar, the hydrocarbon is converted to alcohols and then acids. 
Aromatic hydrocarbons are converted to di-hydrodiols by dioxygenases present in 
microorganisms. The dihydroxy compounds ar e then converted by ortho- or meta- 
fission cleavage into èe^fl-ketoadipate or «/p/ia-ketoacid respectively. These 
compounds can then enter the Kieb's cycle to eventually produce carbon dioxide. The 
rate of degradation decreases with an increase in ring number, the degree of ring 
condensation and the number and type of ring constituents (Betts, 1993). Meta­
cleavage during PAH degradation is the most common ring cleavage used by 
organisms (Crawford, 1996).
Naphthalene degradation in aerobic bacteria proceeds thr ough the formation of 1,2- 
dihydro-1,2-dihydroxynaphthalene. This is then dehydrogenated to the corresponding 
1,2-dihydroxy derivative, which is transformed in to salicylic acid (Di Gennaro et a l, 
2001). There is some evidence the biochemistry and genetics of some aromatic 
compounds oxidation differ in Gram-positive and Gram-negative bacteria (Di 
Gennaro et a l, 2001).
Bacteria incorporate two oxygen molecules into the aromatic molecule to form cis- 
dihydrodiols, whereas mammals and fungi incorporate one oxygen molecule into the 
aromatic while the other reduces to water to form arene oxides (Cemiglia et a l,
1978).
Mammals metabolise aromatic hydrocarbons by the oxidative hydroxylation of arene 
oxides, this is catalysed by a monooxygenase enzyme system, which includes a
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cytochrome P-450 and has a critical requirement for oxygen and NADPH. The arene 
oxides produced ar e highly reactive and can bind covalently to RNA, proteins, or 
DNA. They can also spontaneously isomerise to phenols or be converted to trans- 
dihyrodiols by enzymes (Cemiglia et a l, 1978).
The fungus Cunninghamella elegans can metabolise a wide range of hydrocarbons in 
cmde oil as its sole carbon and energy source, it was used to determine fungal 
degr adation pathways of PAHs (Cemiglia et a l, 1978). They found the metabolism 
of naphthalene in Cunninghamella elegans to be analogous to the mammalian 
cytochrome system. Cemiglia et a l (1978) studied eighty-six species of fungi to 
surwey a wide taxonomic spectrum of fungi to determine whether other fungi have the 
capacity to utilise aromatic hydrocarbons, using naphthalene as the model. 
Approximately 55% of the species tested had the ability to metabolise naphthalene. 
Mucorales is the order that naphthalene oxidation predominated in, this includes 
species of Cunninghamella, Syncephalastrum and Mucor. This report further 
supported that the oxidation of naphthalene in fungi follows a similar pathway to 
mammalian PAH oxidation, using a cytochrome P-450 to catalyse the formation of an 
arene oxide.
Cycloalkanes are relatively resistant to biological attack. Complex dicyclic 
compounds, such as hopanes (tripentacyclic compounds), are among the most 
persistent components of petroleum spillages in the environment (Atlas, 1981). 
Unsubstituted cycloalkanes, including condensed cycloalkanes have been reported to 
be substrates for co-oxidation with formation of a ketone or alcohol. Once 
oxygenated, a ring cleavage can degrade the compound. Degradation of substituted 
cycloalkanes appears to occur more readily than the degradation of the imsubstituted 
forms, particular ly if there is an «-alkane substituent of adequate chain length (Atlas, 
1981).
The rate-limiting step in hydrocarbon degradation is the initial addition of oxygen 
during the hydroxylation process. Once this step is reached, the rate of hydrocarbon 
mineralisation is rapid (Atlas, 1995). Rates of activity of the enzymes and therefore
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the bacteria are greatly influenced by temperature and other environmental conditions 
(Atlas, 1995).
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1.6 Microbes involved in hydrocarbon degradation
It is well known that certain strains of bacteria and fungi have the ability to degrade 
hydrocarbons. Some filamentous fungi and yeasts are also capable of degrading 
hydrocarbons (Cemiglia et a l, 1978). It is here, that we discuss the microbes 
involved, some of the most common microorganisms used in the field; Pseudomonas 
putida, Mycobacterium sp. and Phanerochaete chiysosporium are focussed on.
Most of the species involved in hydrocarbon degradation ai e well known and have 
been isolated by different research groups, under differing conditions, and the most 
frequently isolated genus in aquatic environments are: Pseudomonas, Achromobacter, 
Arthrobacter, Micrococus, Nocardia, Vibrio, Acinetobacter, Brevibacterium, 
Corynebacterium, Flavobacterium, Candida, Rhodotorula, and Sporobolomyces 
(Atlas, 1981). In addition to these; Rhodococcus, Alcaligenes, Mycobacterium, 
Bacillus, Aspergillus, Mucor, Fusarium, and Pénicillium are all common hydi'ocarbon 
degraders (Baiba et a l, 1998a). The main bacterial genera responsible for soil 
degradation are: Pseudomonas, Achromobacter, Arthrobacter, Micrococcus,
Nocardia, Flavobacterium and Bacillus (Baiba et al, 1998b). Bacteria and yeasts are 
the most dominant hydrocarbon degiaders in aquatic systems, while bacteria and 
fungi aie the most dominant in soil (Baiba et a l, 1998a).
1.6.1 Bacteria
In addition to the bacterial species mentioned above, fr om intertidal beach sediment a 
bacterial isolate (strain MAE2) was identified as being capable of degrading branched 
and «-alkanes in crude oil from C11-C33, but could not degrade PAHs. Phenotypic and 
genotypic data identified the strain to be a new species of Planococcus, Planococcus 
alkanoclasticus sp. nov. (Engelhai'dt et a l, 2001).
Di Gennai‘0 et al (2001) isolated a Rhodococcus opacus R7 strain from PAH 
contaminated soil. The strain was able to degrade naphthalene as well as o-xylene. 
This is the first sti'ain so far described capable of degrading both a polycyclic aromatic 
and a monocyclic aromatic hydrocarbon. Di Gennaro et a l (2001) investigated the 
pathways involved in both compounds degiadation in this organism.
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Isolation of hydi'ocarbon-degrading microorganisms has been wide spread, recently 
Zhuang et a l (2003) isolated thiee Gram-positive naphthalene-degrading bacteria 
from oil-contaminated tropical intertidal marine sediments; Bacillus naphthovorans 
stiain MN-003 was able to grow on benzene, xylene, toluene, and diesel fuel as well 
as oil. Micrococcus sp. strain MN-006 which could grow on benzene in addition to 
oil and Staphylococcus sp. strain MN-005.
Pseudomonas sp. particularly P. putida and Mycobacterium sp. have been studied 
extensively in bioremediation and are discussed in more detail here.
1.6.1.1 Pseudomonas putida
Pseudomonas sp. aie Gram-negative small rods, they are motile by polar flagellae, aie 
aerobic bacteria and therefore utilise oxidative metabolism (Radwan et a l, 1995).
From early on in hydrocarbon degradation reseaich. Pseudomonas putida has been 
studied and contributed to advancement in the field (Hopper, 1978). Since 1972 it has 
been shown that in some strains of Pseudomonas, the genes coding for hydrocarbon 
degradation are carried on plasmids (Williams, 1978). Plasmids have been implicated 
in the degradation of salicylate, octane and other straight chain alkanes, naphthalene 
and toluene, m-xylene and /?-xylene, all these plasmids were found in strains of P. 
putida (Williams, 1978).
The catabolic pathways responsible for degradation of C5-C12 «-alkanes, naphthalene, 
and toluene, are alk, nah and xyl respectively. These have been extensively 
chaiacterised and are usually located on large plasmids, the OCT, NAH and TOL 
plasmids respectively in Pseudomonas sp. (Whyte et a l, 1997). There has been 
speculation as to whether more than one of these plasmids can exist in a strain and 
therefore, the strain will only have the ability to degrade either alkanes or aromatic 
hydrocarbons, there is evidence for both mutually exclusive and degradation of both 
classes by single strains (Whyte et a l, 1997).
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Whyte et al. (1997) isolated two Pseudomonas sp. strains from petroleum-polluted 
soil. They showed one strain of Pseudomonas sp. (B17) contained both alk and nah 
catabolic genes on two different plasmids by Southern analysis and gene probes. The 
study also showed the two strains were capable of degrading naphthalene, dodecane, 
toluene and hexadecane at 5 °C and 25 °C. The highest carbon dioxide measurements 
from both Pseudomonas strains were with the shorter chain aliphatics (Cg-Cg) than the 
longer chain (C10-C12, and Cie) alkanes. A mixture of aiomatics was provided as the 
sole carbon source to the strains and naphthalene was preferentially degraded 
followed by octane and then toluene.
Sanseverino et al. (1993) showed the naphthalene degradation pathway on the NAH-7 
plasmid could degrade phenanthrene as well as naphthalene. NAH 7 is activated by a 
salicylate-responsive activator NahR (Cebolla et al, 2001).
It has been suggested by Guerin and Boyd (1995) that naphthalene degr adation in P. 
putida is constitutive, naphthalene degr adation activity was constitutively present at 
low levels imder all growth conditions. High levels of enzyme activity were induced 
rapidly (within 15 rnins) with exposure to naphthalene (Guerin and Boyd, 1995).
The natural microbial flora of ecosystems is important and there is some reluctance to 
interfere with it by addition of foreign microbes. The ecosystem may not support the 
foreign microbes anyway, for example, adding a mesophile to a highly saline marine 
environment would not be productive (Latha and Lalithakumari, 2001). Latha and 
Lalithakurnari (2001) suggest a solution, they showed the horizontal tr ansfer of a 
catabolic plasmid fr om P. putida to indigenous marine bacterium (halophiles), this 
gave the recipients the ability to grow on hydrocarbon substrates (this ability was 
absent before). The transfer was carried out both in vitro and in situ conditions. The 
use of genetically modified orgairisms is still a controversial topic and needs to be 
considered carefully.
Nwachukwu (2001) used the soil bacterium Pseudomonas putida with inorganic 
nutrient supplements in the elimination of oil pollution from sterile agricultural soil.
P. putida str ain 17484 has been shown to directly access absorbed naphthalene
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(Hai'ayama, 1997). P. putida has been used in a surfactant study and shown to 
degrade pyrene (Doong and Lei, 2003).
Hopper (1978) reported the use of Pseudomonas putida isolated from soil by culturing 
with ethylbenzene as sole carbon source. It gr ew on benzene, toluene and 
isoproylbenzene suggesting the enzyme/organism could tolerate a range of alkyl 
substituents on the benzene ring. Benzene dioxygenase from this bacterium was 
partially purified and results were sufficient to establish NADH as the cofactor and a 
requirement of Fe^  ^ions.
Using a mutant strain of P. putida and nuclear magnetic resonance spectrometry, 
Jeffrey et al (1975) showed (+)-cz.y-1 (R),2(S)-dihydroxy-1,2-dihydronaphthalene is 
the intermediate in naphthalene metabolism in several Pseudomonas strains. 
Formation of this cw-dihydrodiol is catalysed by a dioxygenase, wliich requires either 
NADH or NADPH as an electron donor. The c/^'-dihydrodiol is then converted to 1,2- 
dihydroxynaphthalene by a NAD+-dependent dehydrogenase. This enzyme is 
specific to the (+) isomer of the dihydrodiol (Jeffr'ey et a l, 1975).
The Pseudomonas species has been extensively studied particularly P. putida. Some 
of the investigations of hydrocarbon degradation using Pseudomonas sp. have been 
summarised in the following table (Table 1.5), some of the studies are described in 
more detail in Table 1.3.
SUBSTRATE INNOCULUM COM M ENTS REFERENCE
Naphthalene 
2-methylnaphthalene 
1 -methy Inaphthalene
P.putida Leblond et a l (2001)
Phenanthrene
Anthracene
P. putida 
P. fluorescens
Sanseverino et a l (1993)
Naphthalene P. putida(ATCC 
17484)
Alcaligens sp.
Guerin and Boyd (1995)
Naphthalene
Salicylate
P. putida 
Pseudomonas sp.
Chemotaxis Grimm and Harwood 
(1997)
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SUBSTRATE INNOCULUM COMMENTS REFERENCE
Naphthalene P. putida Chemotaxis Marx and Aitken (2000)
Naphthalene Pseudomonas
8909N
Biofilm foiTnation Mulder et al (1998)
Hexadecane P. aeruginosa Surfactants Noordman et al (2002)
Crude petroleum P. putida Inorganic nutrients Nwachukwu (2001)
Polycyclic aromatic 
hydrocarbons
P. putida Surfactants Doong and Lei (2003)
Table 1.5. A summary of the hydrocarbon substrates Pseudomonas sp. have been shown to 
utilise.
1.6.1.1.1 Chemotaxis
Pseudomonas putida has been used to study chemotaxis. P. putida G7 can be grown 
on naphthalene as a sole carbon source and exhibits chemotaxis to naphthalene and 
biphenyl. Chemotaxis enhances motile bacterium ability to locate and metabolise 
organic compounds. It is reasonable to expect chemotaxis to direct P. putida to 
metabolisable toxic contaminants (Grimm and Harwood, 1997). Encoded on the 
NAH7 plasmid ar e the nah genes that specify degradation of naphthalene to pyruvate 
and acety 1-coenzyme A, this plasmid is present in P. putida G7. Grimm and 
Harwood (1999) identified a chemotaxis protein transducer gene on the catabolic 
plasmid NAH 7. All strains of P. putida contain chr omosomally encoded genes for 
catechol degradation via the or//zo-cleavage pathway (Grimm and Harwood, 1997;
1999).
Marx and Aitken (2000) also studied the role of chemotaxis in naphthalene 
degradation in P. putida G7 (PpG7) in aqueous systems. By comparing the wildtype 
PpG7 with a mutant strain, deficient in chemotaxis, they showed the wildtype 
degraded naphthalene at a much higher rate. The wild-type stain had degradation 
rates of naphthalene in excess of the naphthalene diffusion rate.
The genetics and NAH7 plasmid of P. putida has been so well studied that it has 
become a candidate for genetic manipulations and studies outside of bioremediation. 
Cebolla et al (2001) used P. putida NAH7 plasmid to show transcriptional cascades
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can be designed to amplify gene expression. The use of P. fluorescens N3 for its 
plasmidpN3 has been used in a study to construct a biocatalyst in E. coli JM109.
This was to produce hydroxylated compounds as an alternative to the notoriously 
difficult chemical synthesis of hydroxylated chemicals, such as, dihydrodiols and 
catechols (Di Gennaro et a l, 2000).
1.6.1.2. Mycobacterium  sp.
Mycobacterium sp. have been used in biodégradation studies. A Mycobacterium sp. 
strain BBl was isolated from soil from a former coal gasification site and shown to 
use phenanthrene, pyrene and fluoranthene as sole carbon and energy sources. 
Fluorene was degraded cometabolically (Boldrin et a l, 1993). Mycobacterium (PYR- 
1) was shown to mineralise pyrene, fluoranthene, naphthalene, and phenanthiene. 
Mycobacterium strain (RTGII-135) has been found to degiade pyrene and 
benzo[a]pyrene. Mycobacterium BBl grew on phenanthrene, pyiene and 
fluoranthene (Harayama, 1997).
An interesting investigation by Heitkamp and Cemiglia (1989) used a Mycobacterium 
strain to degrade a selection of PAHs, they looked at microbial competition in an un- 
sterile environment and assessed nutrient addition. Using a previously isolated 
Mycobacterium sp. capable of degrading PAHs containing up to 5-fused aromatic 
rings, they tested this Mycobacterium strain ability to degrade PAHs in water and 
sediment fr om a pristine ecosystem. The PAHs selected were representative of two 
(2-methylnapthalene), three (phenanthiene), four (pyrene) and five (benzo[a]pyrene) 
fused aromatic rings. The Mycobacterium sp. strain enhanced the mineralisation of 
all four PAHs compared to controls. As a mixtui'e; the PAHs were also degraded, 
pyiene to a slightly lower extent and benzo[a]pyrene was mineralised slightly faster 
when present in a mixtui'e of PAHs (Heitkamp & Cemiglia, 1989). The effect of 
microbial competition on the isolated Mycobacterium strain showed, when comparing 
a natural and sterilized microcosm that there were no differences, suggesting the 
Mycobacterium sp. strain can compete well in mixed microbial environments. The 
addition of organic and inorganic nutrients was assessed, organic nutrients caused a 
decrease in pyrene mineralisation while inorganic nutrients affected pyrene 
degiadation minimally (Heitkamp & Cemiglia, 1989).
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1.6.2 Fungi
Davies and Westlake (1979) studied sixty fungal isolates for their ability to grow on 
«-tetradecane, toluene, naphthalene, and seven crude oils of varying chemical 
compositions. Thirty-four fungal isolates were taken from soils while twenty-six 
were obtained fiom pure cultuie collections. Forty of these isolates were capable of 
gi'owth on one or more of the crude oils, out of which 28 were from soil. The oil- 
degrading stiains isolated from the soil included: Beauveria bassiana, Mortieriella 
sp., Phoma sp., Scolecobasidium obobatum, Tolypocladium inflatum. A factor in 
determining the types of bacteria that will grow on oils is the chemical composition of 
the cmde oil. This is also the case for oil-degiading fungi, «-alkane content is the 
principal factor influencing biodegradability but not the only one; as fungal gi'owth of 
individual fungal cultures was not always similar in cmde oils that had essentially 
similar «-alkane profiles (Davies and Westlake, 1979). C. resinae is known to use a 
wide range of hydrocarbons, however in the above study it only grew on «- 
tetradecane.
The fungus Trichoderma harzianum was tested for the degi adation of the polycyclic 
aromatic hydrocarbon '^^C-anthracene. It was found to be capable of complete 
mineralisation of anthracene to carbon dioxide. Immobilised cells on calcium- 
alginate broke down anthracene more effectively than free cells. 47% of *"*C-isotopes 
were detected as cai'bon dioxide when using immobilised cells compaied to 10% for 
the fr ee cells. ‘"^C-anthiucene concentrations decreased in both tests. This increased 
oxidation with immobilised cells may be due to a higher concentration of substiate 
accumulating on the surface of the Ca-aliginate gel. The Ca-alginate gel could have 
played a protective role also. Anthiacene was also found to be adsorbed by T. 
harzianum mycelium, more than 80% of added anthiacene was adsorbed within 2 
minutes of its addition (Eimisch and Relim, 1989). T. harzianum has also been shown 
to utilise pyrene as its sole carbon source (Hallberg and Saraswathy, 2002; Ravelet et 
a l, 2000).
Kotteiman et al (1998) studied the white rot fungus Bjerkandera sp. strain BOS55 
ability to oxidise benzo[a]pyi*ene. Bjerkandera sp. strain BOS55 can oxidise PAHs 
rapidly in a nitiogen rich culture supplemented with hydrogen peroxide for maximum
44
Chapter 1
peroxidase activity and Tween 80 to improve PAH solubility. In 15 days the 
Bjekandera sp. had metabolised 73% benzo[a]pyi'ene in to water-soluble metabolites 
and 8.5% to carbon dioxide. At day 15 indigenous microflora was added in the form 
of activated sludge, forest soils or PAH-adapted sediment sludge, this rapidly 
increased carbon dioxide evolution and reduced the concentration of water-soluble 
metabolites. The PAH-adapted sediment sludge was the only indigenous souice that 
could directly mineralise intact benzo [a]pyi*ene, although at a lower rate and lesser 
extent than if the white rot fungus was also present. The addition of glucose, 
autoclaved spent fungal medium or activated sludge as co-substiates were also tested, 
however they had no significant effect.
Mycelial organisms such as fungi can penetrate insoluble liquids like oil and this 
increases the surface area available for bacterial attack. Fungi can also grow under 
environmentally stressed conditions, i.e. low pH and poor nutiients, where bacterial 
growth may be limited (Davies and Westlake, 1979).
It has been found that certain fungi such as Pénicillium and Cunninghamella sp. 
exhibited gieater hydrocarbon mineralisation than some bacterial strains 
Flavobacterium, Brevibacterium dtnd Arthrobacter sp. (Atlas, 1981).
1.6.2.1 Phanerochaete chrysosporium
Phanerochaete chtysosporium is pai't of a group of fungi collectively known as white 
rot fungi (basidiomyceteous), they utilise lignin as an energy source (ligninolytic).
The enzymes involved in lignin mineralisation are extra-cellular peroxidases, these 
peroxidases also have the ability to degi ade a wide range of environmental pollutants 
(Yateem et al., 1998). The similarity between the common substructures of lignin, 
alkylarenes, biphenyls and catechol diethers, and persistent organic compounds, led to 
investigations into the ability of white rot fungi to biodegrade pollutants. White rot 
fungi (WRF) are known to degrade PAHs (Harayama, 1997). The extracellular 
enzymes produced by WRF that degrade lignin are; lignin peroxidases, manganese 
peroxidases and laccases. These are believed to be involved in PAH degradation also 
(Harayama, 1997). Laccases are thought to be less important. Not all white rot fungi
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produce all these enzymes; different fungal strains have different peroxidase systems 
(Yateem et a l, 1998).
The best studied WRF is P. chrysosporium, which produces multiple lignin 
perioxidases and manganese peroxidases. Pleurotus ostreatus (a WRF) probably 
mineralises PAHs to cai'bon dioxide better than P. chrysosporium (Harayama, 1997).
PAH degradation is severely hampered by the low degradation rate of four- and five- 
ring PAHs (Kotterman et a l, 1998). White rot fungi can metabolise PAHs, however 
the degi ee of mineralisation to carbon dioxide is limited. The concern with limited 
PAH metabolism is the accumulation of metabolites; benzo[a]pyi*ene can be oxidized 
by mammalian and fungal monooxygenases to epoxides and dihydrodiols which are 
potent cai'cinogens (Kotterman et a l, 1998). Peroxidase-mediated oxidation results 
initially in benzo| a]pyienediones, which have weak mutagenic activity. These 
primary metabolites of PAHs can be rapidly metabolised by Phanerochaete laevis and 
P. chrysosporium. These metabolites have increased solubility and therefore 
accessibility to bacteria (Kotteiman et a l, 1998).
The ligninolytic enzymes (peroxidases) ai e usually produced only when the fungus is 
experiencing nutritional starvation. Nitrogen is one of the nutrients that, in its 
absence, stimulates ligninolytic enzyme production and thus lignin/pollutant 
degradation (Yateem et a l, 1998). The presence of excess nitiogen is thought to 
restore primary giowth and suppresses lignin peroxidase activity (Yateem et al,
1998). On the other hand, Yateem et a l (1998) also state other studies have shown 
high concentrations of carbon and nitrogen to positively affect degiadation rates, so 
they earned out their own study to confinn the effect of nitrogen on P. chrysosporium 
on oil polluted soil. The nitrogen-limited test gave the highest percentage of TPH 
degiadation at 80% after 12 months. Yateem et a l (1998) indicate P. chrysosporium 
reacts to nitrogen limited condition, however the data shows nutrient rich conditions 
give a degiadation at 75% TPH after 12 months. There is not much of a difference 
here and it could be argued that P. chrysosporium degraded the TPH to a similai' 
extent under both nitrogen-limited and nitrogen-rich conditions. This may be due to 
the non-sterility of the soil used in the study and the hydrocarbon-degrading bacterial
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population reducing the TPH in the nitrogen-rich treatment. Nitrogen limiting 
conditions may trigger white rot fimgi degradation of pollutants but this will not help 
hydi’ocarbon-degrading bacteria in the environment, it will activate one at the expense 
of the other, whereas, a joint stimulation would give the best results.
Yateem et a l (1998) showed thiee white rot fungi, P. chrysosporium, C. versicolor 
and P. ostreatus, reduced TPH by 68.7%, 78.1% and 53.1% respectively in oil 
contaminated soil over 12 months, compared to the control with 46.6% TPH 
reduction. The study was carried out in non-sterile soil, so hydrocarbon-degiading 
bacteria were more than likely present and active. They also showed the more P, 
chrysosporium inoculum added the higher the TPH degradation, a marked reduction 
of naphthalene (62%), phenanthiene (92%), fluoranthene, pyrene, benzo[a]anthracene 
(70%) and chrysene (70%) were noted.
P. chrysosporium metabolised phenanthrene in a medium containing malt extract, D- 
glucose, D-maltose, yeast extract and Tween 80, lignin peroxidase was not detected 
suggesting monoxygenase and epoxide hydrolase were involved (Sutherland et al,
1991).
In a shaking water system, the removal of benzo[a]pyrene by free cells of P. 
chrysosporium were determined for three different strains in a nitiogen-limited 
medium. In a separate experiment naphthalene, fluoranthene and benzo[ajpyiene 
removal was investigated in the presence of immobilized P. chrysosporium cells on a 
biocarrier, composing of alginate and powdered activated cai’bon (PAC). The PAHs 
were removed by P. chrysosporium, the alginate-PAC biocaiTiers presented pores for 
the colonisation of the fungus mycelia, the PAC fr action affected the adsoiptive 
capacities of the PAHs (Liao et a l, 1997).
Immobilised P. chrysosporium has been demonsti ated to metabolise phenanthrene, 
pyiene and benzo[a]pyrene solubilised by surfactant Tween 80 in a rotating biological 
contactor (RBC) reactor, an immobilized biofilm treatment reactor run at a 
temperature of 37 °C (Zheng and Obbard, 2002).
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Due to the non-specific nature of the fimgi, they are capable of degrading complex 
mixtures of contaminants all the way to carbon dioxide, compared to a consortium of 
bacteria which may be needed to degrade the same mixture to carbon dioxide.
Bacteria can need to be pre-conditioned to a pollutant, whereas white rot fungi do not, 
since degradation is induced by nutrient starvation (Yateem et a l, 1998). When the 
concenti ation of the chemical is reduced to a level that is ineffective for enzyme 
induction, degi adation will cease possibly leaving a residue. This does not affect 
white rot fungi as they are not induced by the pollutant, and can therefore degrade to 
even lower concentrations (Yateem et a l, 1998).
1.6.3 Mixed microbial population performance compared to single 
strains
Integral to hydrocarbon degradation is the ability of microorganisms to metabolise the 
different chemical species. Specific gioups of microorganisms will degrade specific 
chemical classes. In this way, consortia of bacteria can degrade whole spectia of 
chemical species and inteimediates (Betts, 1993; Di Cello et a l, 1997). Minor 
positional variations of chemical groups on hydiocarbons may cause the enzymes 
involved to be unable to attack the compound.
In a hydrocarbon-polluted environment the ability to metabolise hydi’ocarbon species 
will result in selective environmental pressure. Therefore, oil-contaminated soils 
would be expected to contain many microbial species capable of hydrocarbon 
metabolism. In soil bioremediation the microbial population is not often the limiting 
factor, indigenous microbes have the ability to degrade the contaminant but are 
limited by the nutrients, oxygen availability, desoiption, etc. Mixed petroleum waste 
streams in refinery-based fermentation systems rely on mixed microbial cultuies for 
biodegiadation (van Hamme and Ward, 2001).
A. venetianus, P. olevorans, and a new species Acinetobacter venetianus (discovered 
by Di Cello et al (1997) may begin the mineralisation process by oxidising «-alkanes 
providing the organic residues suitable for the other bacteria to degrade. Di Cello et 
al (1997) found P. fluorescens and P. putida thi’ived on long chain «-alkanols, «-
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alkanals and «-alkanoates. A.feacalis gi*ew only on «-alkanoate, which is typically 
found in polluted areas.
The compaiison of individual stiains and mixed microbial populations has been 
reported as early as 1978 (Tsyban et a l, 1978). A mixed population from the Caspian 
Sea and a pure isolate K13, and a mixed population fr om the river Lena (Arctic) and a 
pure isolate 22T were investigated for their ability to degrade either petroleum, diesel 
oil or a defined mixture of «-alkanes (10,000mg/l). The daily degradation rates 
ranged fr om 20 -  470mg/l for the oil hydrocarbons. The overall amount of 
degradation of the defined mixture of «-alkanes by the four different cultures within 4 
days was very similar, results are shown below. The different cultures showed 
different preferences for certain alkanes and had maximum utilisation at different time 
points (Tsyban et a l, 1978).
Inocula % Degradation in total Preferences
Caspian mixed cultuie 95 (9,500mg/l) Cio, C12, Cm
Caspian isolate K13 87 (8,700mg/l)
Ai'ctic mixed culture 97 (9,700mg/l) C16-C24
Ai'ctic isolate 22T 90 (9,000mg/l)
Yuan et a l (2000) isolated 6 different phenanthiene-degrading strains, and found the 
degradation rate of the mixed culture to be significantly higher than that for any of the 
individual strains. This greater capacity to degrade may be due to each isolate only 
metabolising a limited range of substrates, so together the strains give a broader range 
of enzymatic capabilities and therefore a greater capacity to degrade complex PAH 
mixtures (Yuan et a l, 2000).
Richai'd and Vogel (1999) isolated a mixed microbial population fr om soil using 
diesel friel as the sole carbon source. Seven members were isolated, five of the strains 
were Pseudomonas, Their ability to degrade a selection of hydiocarbons were tested, 
including alkanes (i.e. hexadecane), branched alkane (i.e. pristane) and aromatics (i.e. 
naphthalene) in liquid medium and sandy soil. Thi ee of the isolates grew on selective 
hydrocai'bons, however fom* of the isolates did not gi’ow on any of the substrates 
studied. The growth of the consortium followed a predictable pattern according to
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their degiadation abilities. The two stiains of P. fluorescens giew first and rapidly 
(preferentially oxidising aromatics) and then Achromobacter anthropi which only 
metabolises aliphatics. The ‘secondary’ strains then grow after the growth of A. 
anthropi, presumed to utilise the metabolites produced by the tliree ‘primary’ strains. 
Within 50 days the microbial population degraded 90% of the initial diesel. Carbon 
dioxide production was higher with the consortium compared to the individual 
‘primaiy’ strains. This supports the likelihood the fom* ‘secondary’ isolates 
metabolised the inteimediates produced fr om the action of the three ‘primaiy’ isolates 
(Richard and Vogel, 1999).
Ko and Lebeault (1999) studied the effect of mixed populations using two stiains; 
Pseudomonas aeruginosa K1 and Rhodococcus equi PI. When the two strains were 
mixed, degradation rates of a hydrocarbon mixture slowed down, when compared to 
the degiadation rates in the presence of the individual strains. The two strains 
competed for hexadecane resulting in slower degradation rates when both 
microorganisms were present. The strains were also added individually to a gasoline- 
contaminated soil sample that contained an indigenous mixed population. The 
addition of the two strains individually was compared to the indigenous mixed soil 
microbial population. The inoculation with stiain K1 caused a delay in hydrocarbon 
degradation, this is probably due to competing with the soil community for substrates, 
while strain PI resulted in an increase in the biodegiadation rate of the hydrocarbons.
Three individual bacterial strains could not completely degi ade a mixture of five 
PAHs. When a mixture of the three sti ains, with the collective ability to degiade the 
five PAHs was used, efficiency of one of the strains was negatively affected by 
cometabolism and the degradation of tliree out of the five PAHs was low. A PAH- 
contaminated soil consortium was compaied to the defined mixtui'e and preformed 
remarkably and almost totally degraded all the PAHs. The results suggest 
cometabolism enhanced the degradation of the mixture of PAHs with the soil 
consortium, this is probably due to the consortium containing stiains that are not PAH 
degraders, but oxidise their metabolites (Bouchez et al, 1999).
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1.6.3.1 Biofilms
Biofilms are microorganisms associated with surfaces that occur in single or 
multispecies communities (Moller et a l, 1998), Bacteria form bio films for the benefit 
of the whole community, which can improve microbial processes. Different levels of 
gene expression involved in nutrient cycling among the members of a single species 
population have been found. It appears that a ‘division of labom*’ between members 
is beneficial, while some members metabolise available energy sources, others divide 
and proliferate to increase the bacterial population (The Centre for Biofilm 
Engineering, Biofilms. Montana State University -  Bozeman, USA [online]). Where 
processes require the joint action of two or more bacterial species it is termed 
community level processes (Moller et a l, 1998). Most of the interest in biofilm 
formation has been with effects of the microbial activity on the surfaces, i.e. dental 
caries, metal corrosion, biomaterial implants in human patients (Marshall and 
Goodman, 1994), these cases have attiacted attention due to their negative and 
inconvenient effects. Bacterial biofilms cause fouling, product contamination, 
equipment failure, and decreased productivity due to system cleaning and disinfection 
(Moller et a l, 1998). Bacteria within biofilms aie significantly more resistant to 
biocides than their ‘fiee cells’ in aqueous solution counteiparts (Maishall and 
Goodman, 1994). The antibiotic doses reached to kill suspended cells increases a 
1000 fold to kill biofilm cells. Bio films aie discussed here as they usually exist in 
mixed microbial populations.
Mixed microbial communities in biofilms have been studied in relation to 
contaminant utilisation. Many organic contaminants adsorb onto solid surfaces in 
both natural and engineered aquatic systems. The surfactant sodium dodecyl sulphate 
(SDS) was found to adsorb to sediment surfaces in river-water microcosms, this 
stimulated degradative-b acteria to attach to the sediment surfaces and degradation of 
SDS was evident. Attachment of the bacteria was maximum during the fastest stages 
of biodégradation and reversed once biodégradation was complete (White, 1995).
Several studies have used biofilms with hydi'ocarbon substrates, however only a few 
have compared the biofilms with free-cells. Model hydiocarbons; pristane, 
octadecane, phenanthrene and dibenzothiophene were attached to a hypersaline
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microbial mat consisting of montmorillonite with an artificially altered hydrophobic 
surface. The cyanobacterial mat degraded the model compounds; the aromatics were 
actually preferentially degraded compared to the alkanes; pristane and octadecane.
No metabolic or community changes were measured (Grotzschel et a l, 2002).
Laboratory sand columns have been used to assess the addition of acetate to alter 
biofilm characteristics and improve PAH capture and biodégradation, acetate either 
pulsed or continuous caused a shift in the PAH-degiading community. Using 
confocal laser scanning microscopy (CSLM) thin surface biofilms on sand grains with 
protrusion structures extending fiom the biofilm suiface were indicated (Ebihaia and 
Bishop, 2002).
Biological filters used to remove iron from drinking water have been used for many 
years. These filters (gravel columns) were used with manufactured gas plant (MGP) 
gi'oundwater that contained both iron and PAHs to assess whether the filters could 
remove the PAH as well as iron. 97% and 99% of the iron and 2- and 3- ring PAHs 
respectively were removed (Richai'd and Dwyer, 2001).
In a study to investigate the accumulation and adsorption of pollutants to biofilms in 
natural enviromnents, river sediments contaminated with heavy metals, PAHs and 
PCBs were used. The sorption processes on the biofilms played an important role in 
the ti ansport and accumulation of these pollutants in the aquatic environment, the 
sorption is strongly controlled by the particulate matter, the pollutant and the 
changing conditions of the biofilm (Schorer and Eisele, 1997).
Activated biofilms in a 2-step laboratory technique have been used to degiade low 
concentrations of benzene, toluene, ethylbenzene and xylene (BTEX) hydrocarbons. 
The first step involves the batch growth and attachment of a biofilm onto plastic 
siufaces using a pre-selected substrate that stimulates the desired biological activity, 
the organics are then added as step two (Neufeld et al, 1994).
Laboratory biofilm column studies investigated the biotransformation of petroleum 
hydiocarbons (waste oil) at concentrations from 10 -  lOOmg/1 applied to glass-bead
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columns. Aerobic biofilms degi’aded the alkylbenzenes and PAHs (Bouwer et al,
1992).
Radwan and Al-Hasan (2001) compared non-biofilm communities and biofilm 
communities on their hydrocarbon utilisation efficiency. Hydrocarbon-degiading 
bacteria immobilised on gravel particles in the intertidal zone of the Arabian Gulf 
coast have been used to clean oily water. The most dominant species in the 
consortium was Acinetobacter. Biofilm-coated gravel particles were more effective at 
hydrocarbon mineralization than biomass-uncoated particles. These “could 
potentially be used for cleaning oil industiial waste before its disposal to the open 
environment” (Radwan and Al-Hasan, 2001).
However, a study with Pseudomonas 8909N biofilms showed biofilm fonnation 
reduced hydrocarbon mineralisation rates. The affect of biofilm formation upon solid 
naphthalene on naphthalenes’ dissolution and biodégradation rates was quantified. 
Naphthalene in the presence of the biofilm reduced its’ dissolution into the bulk liquid 
phase, the degradation of the naphthalene by the biofilm was insignificant to the 
decrease in dissolution and therefore the overall biodégradation rate of solid 
naphthalene was reduced (Mulder et a l, 1998). In a flat-plate biofilm reactor P. 
putida 54G was grown on toluene vapour. Long teim exposure to higher levels of 
toluene caused deterioration in the physiological state of P. putida cells in the biofilm 
(Villaverde et a l, 1997).
The use of biofilms for contaminant bioremediation needs further investigation. 
Biofilms are such complex systems that there are several factors at play; adsorption of 
the contaminant on to the biofilm, contaminant utilisation by the biofilm, community 
interactions, the support particulate matter and size. The overall positive affect of a 
biofilm on substrate utilisation will be system specific.
1.6.4 Indigenous microbes compared to introduced microorganisms
One of the main limitations to adding non-indigenous cultures to facilitate in land 
remediation is firstly the allochthonous microbes accepting the new environmental 
conditions i.e. temperature, nutrients, oxygen, pH, etc (Betts, 1993).
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Inti'oduced microbial populations of several bacterial genera have been reported to 
decline in numbers by 1-2 orders of magnitude per week in soil. The main reason for 
this decline is suspected to be through protozoa predation, competition for nutrients 
and stress caused by changes in temperature and moisture (Middledoip et a l, 1990). 
An option to overcome these difficulties is perhaps to use a mixed inoculum fiom an 
environmental source, i.e. hydrocarbon-polluted soil. The organisms are not ‘foreign’ 
then. Coates et al (1997) showed that when sediments less heavily contaminated 
with PAHs in San Diego Bay where the PAHs were not being readily degraded. They 
could stimulate naphthalene degiadation by inoculating with ‘active’ PAH-degrading 
sediments from a more heavily contaminated site.
Inoculation with three mixed bacterial strains isolated and cultured from soil used in 
this study improved biodégradation of hydrocarbons whereas, fertilizer addition did 
not (Vecchioli et a l, 1990). The inoculation may have been successful here because 
the bacteria were originally isolated from the same source they were re-applied to, this 
would increase their chance of sui-vival as they were indigenous. The inoculated soil 
had the highest microbial counts and increased hydrocarbon biodegiadation by 22% 
above the uninoculated soil. Fertiliser had no affect compaied to the uninoculated 
control (Vecchioli et a l, 1990).
Leavitt and Brown (1994) evaluated biostimulation (addition of nutrients to stimulate 
indigenous populations) against bioaugmentation (addition of non-indigenous 
microorganisms) in pilot-scale systems, three case studies were discussed. They 
concluded biostimulation of indigenous microbial populations is the best method 
when considering cost as well as performance (Leavitt and Brown, 1994).
Ten commercial bioremediation products were assessed in laboratory studies 
(respirometer vessels and shake flasks) for their ability to improve weathered crude 
oil degiadation above that of fertilizer addition (Venosa et a l, 1991). Only two 
products increased alkane degradation above mineral nutrients and gave consistent 
results in oxygen uptake, microbial numbers and alkane biodégradation. However, 
the indigenous microbial population were performing the majority of the
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mineralisation activity and the organisms present in the products did not contiibute 
considerably, other nutrients, metabolites or co-substrates must have been present in 
the commercial product that were actually responsible for the improved 
biodégradation rates (Venosa et a l, 1991). Another study comparing commercial 
microbial inoculation products ‘capable of biodegrading crude oil’ with natural mixed 
inoculum (activated sludge and aquarium water) showed the natural inoculum to be 
the most effective and degrade the crude oil by 16-25%. The commercial inoculum 
achieved a range of 0.1-14% loss of crude oil, except for one inoculum, which 
degiaded the oil by 18% (Thouand et a l, 1999).
When contemplating the addition of ‘foreign’ microorganisms it needs to be 
remembered that difficulties are often encountered when producing and storing laige 
quantities of microbes (Betts, 1993). Nutrient supplemented veimiculite could be a 
good support for inoculant production and application (Vecchioli et a l, 1990).
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7 . 7  Stimulation of mineralisation
This broad title was chosen to encompass the broad range of techniques/additives that 
can be used for bioaugmentation, i.e. stimulation of the microbial populations already 
present in the natural enviromnent, and optimise conditions for mineralisation. The 
main areas investigated include: nitrogen, phosphorus, oxygen addition, application of 
surfactants, addition of primary substrates/co-substrates and cometabolism. Many 
studies have involved a combination of these techniques.
Time is needed for some bacteria to adapt upon exposure to xenobiotic compounds to 
degrade the substrate (Guerin and Boyd, 1995). The adaptation process may involve 
the de novo synthesis of enzymes, intra- and inter-specific transfer of genes, growth 
of degradative populations and/or molecular alterations of existing systems. This 
process can take minutes to years. The process can be accelerated by providing 
enzyme inducers, nutrients to support cell growth or solid supports for the conjugal 
transfer of plasmids (Guerin and Boyd, 1995).
1.7.1 Nutrient addition
In many environments, soil, fresh water and salt water, the number of degrading 
organisms is not the limiting factor. The nutrients required to sustain the growing 
population and therefore hydi'ocarbon degiadation is often in limited supply. The 
main nutrients are carbon (C), nitiogen (N) and phosphorus (P). Oxygen limitations 
have also been extensively studied and will also be covered in this section. A 
selection of environments has been used in studies to determine the effect of nutrient 
addition, from land fai*ms to salt maishes and seawater.
The optimum C: N ratio and C: P ratio in bioremediation studies is 10:1 and 10:0.3 
respectively (Oh et a l, 2001). It can be assumed that total hydrocarbon concentration 
is biodegradable and N and P addition calculated from there, however it has been 
suggested oil biodégradation is a function of the nutrient concentrations in the pore 
water of intertidal sand, where nutrients are continuously washed out (Bragg et a l, 
1994). Therefore, nutrient addition is site dependent and should be calculated fr om 
real-time measurements of the nuti*ient concentrations (Oh et a l, 2001).
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Affects of slow release fertilizer (SRF) on oil biodégradation in intertidal microcosm 
environments showed nutrient addition had a positive effect on degradation rates (Oh 
et a l, 2001). High doses of nutrients accelerate initial oil biodégradation rates.
Under shake flask conditions of three different marine environments indigenous 
microorganisms extensively degraded both alkanes and aromatics when nitrogen and 
phosphorus were added in 27 days. The addition of N and P in this study increased 
microbial degi adation of «-alkanes; the aromatic fraction is less sensitive than the 
saturate fraction to levels of N and P (Fedorak and Westlake, 1981b).
Atlas et a l (1980) carried out a study using timdra soils which are underlain by 
permafrost and when not frozen are often water logged. The limiting factor was 
niti'ogen (N) and phosphoms (P). The hydrocarbon-utilising bacteria used in the 
study were capable of giowth over a wide range of temperatuies, so temperature was 
not the limiting factor. Duiing the summer period the tundra soils were severely 
water logged which is a highly reducing environment (lack of oxygen) in poor 
drainage areas. The tundra soil moisture also limited the downward mobility of the 
oil, allowing a high concenti ation of oil to accumulate on the sui face of the soil and 
further limiting oxygen exchange. Nitrogen fixation performed by cyanobacteria is 
the major souice of nitrogen in these soils. Crude oil inhibits the cyanobacteria and 
therefore, nitrogen fixing, and hence, a limited supply of nitiogen is available in 
timdi'a oil polluted soils. Plants that die-off due to the oil spillage could add N and P 
sources which could support the plant and hydiocarbon degradation. It should be 
remembered that these two processes; plant decomposition and hydrocarbon 
decomposition will compete for the available N and P, and could therefore be 
mutually inhibitive (Atlas et a l, 1980).
Jackson and Paidue (1999) investigated the nutrient addition to salt maishes effect on 
crude oil degradation. The addition of nitrogen improved metabolism of many 
alkanes and PAHs in the cmde oil, while the phosphorus present was found to be 
sufficient. N H / was the most efficient source of nitrogen at a range of 100-500 
mg/kg. The effect of nutrient addition was compound specific in this study as a
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subset of PAHs did not respond to N and P addition. Ammonium is less likely to be 
‘washed out’ from a system due to its higher adsorptive capacity to organic matter 
(Jackson and Paidue, 1999).
Bossert et al (1984) carried out a study involving the land farming of oily sludge. 
Ammonium nitrate and potassium phosphate were the fertilisers applied to the land 
faiTU. After oily sludge application the concentration of carbon dioxide (CO2) 
evolved increased significantly. However, once available hydrocarbons were 
mineralised the CO2 concentration decreased and approached the same level as that of 
the controls (untreated soil). They concluded that 'it appeal's the hydrocaibon not 
mineralised in the first 3-4 months do not serve as primary substrates for microbial 
growth.' During land farm closure (no fertiliser addition) humification (conversion of 
solvent-extractable hydrocaibon to insoluble organic matter) was the major route of 
hydrocarbon disappearance. In poisoned controls (2% HgCb) a decrease in PAHs 
was obseiwed. This loss was probably due to auto-oxidation and incorporation into 
humus; volatilisation might also have occuned (Bossert et a l, 1984). In the 
experiment a large proportion of the nitrogen was recovered. The small loss of 
nitrogen seen was most likely due to denitrification. Leaching of nitrogen can also 
occur in the field.
The type of nuti'ient addition i.e. inorganic vs. organic, the way it is applied, i.e. 
soluble vs. lipophilic fertilizers, and the combinations of N and P together have all be 
studied. Graham et a l (1999) studied 34 different combinations of nitrogen and 
phosphoms additions on hexadecane degiadation in soil. The results indicated N and 
P addition affected biodégradation yields, however inappropriate nutrient mixes 
produced sub-optimal CO2 production and that the bioavailable N and P in the soils 
needs to be considered when estimating N and P additions (Graham et a l, 1999).
The method by which nutrients are added needs to be carefully addressed depending 
on the environment, i.e. in laige expanses of water, adding soluble N and P sources 
would be rapidly dispersed and not remain at the site of a spill. Using water-soluble 
soui'ces of N and P would be ineffective in seawater, as they would just be dissolved 
and dispersed and not available in the area of pollution (Olivieri et a l, 1978). Olivieri
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et a l (1978) tested soya-bean lecithin and ethyl allophanate as lipophilic sources of 
phosphorus and nitrogen respectively. Soya-bean lecithin did support the highest 
amount of degradation compai ed to soluble phosphates; however, it was only slightly 
higher than the tieatment with K2HPO4. Ethyl allophanate and NH4CI supported the 
highest oil degradation compared to other soluble salts. All the additions mentioned 
increased biodegi adation of oil above that of controls. Olivieri et a l (1978) showed 
that lipophilic fertilizers had a positive affect of oil degradation, the water-soluble 
K2HPO4 and NH4CI salts also had similar affects. A flask system was used, with this 
enclosed space this could be expected, as diffusion of the soluble salts was not a 
factor.
hiipol EAP 22 is an oleophilic microemulsion; it contains urea and lauryl-phosphate 
as N and P sources, respectively (Bruchon et a l, 1996). Bmchon et a l (1996) 
compar ed different sour ces of nutrients; inorganic (NH4CI and K2HPO4), organic 
(ur ea and lauryl-phosphate) and hripol EAP 22, on hexadecane degradation in 
synthetic seawater with a marine bacterial consortium of six strains. The organic 
somces of N + P increased degradation more than the inorganic N + P. The addition 
of Inipol EAP 22 gave the highest decrease in hexadecane. This suggests urea and 
lamyl-phosphate are more easily available to these bacterial strains than inorganic 
sources, and Inipol EAP 22 microemulsion increases nutrients and /or hexadecane 
availability to the organisms even more (Bruchon et a l, 1996).
Oh et a l (2000) studied the degradation of oil-contaminated sand with an oil- 
degrading yeast Yarrowia lipolytica 180 and/or inorganic nutrients. The nutrients 
studied were a slow release fertiliser (SRE), Inipol EAP 22 as an oleophilic fertilizer 
and MM2 medium as water-soluble nutrients. They showed all three nutrient 
supplements increased CO2 production above controls and oil+innoculum. The 
ti’eatments in order of the highest CO2 yield first were oil+innoculum+Inipol EAP22, 
oil+innoculum+MM2 and oil+innoculum+SRF.
Nwachukwu (2001) studied the ‘hybrid’ effect of adding hydrocarbon-utilising 
bacterial strain; Pseudomonas putida and inorganic nuti'ient supplements in the 
elimination of oil pollution firom sterile agiicultural soil. The P. putida strain used
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could utilise up to 15% (v/v) crude peti'oleum. 500 g per 2 kg (250,000 mg/1) crude 
oil was added to soil, this is approximately 25% (w/w) pollution which can cause 
sterility in soils. Hydrocarbon-sensitive crest seeds {Lepidium sp.) were used to 
assess the elimination of the oil. Inoculated test ti eatments with P. putida and 
nutiients decreased the oil pollution by over 98%, whereas the oil level in controls 
containing no P. putida decreased to 53% at week 9. Nwachukwu (2001) suggests 
inoculation with P. putida and inorganic nutrients of oil-impacted land could 
rehabilitate the land by initiating the secondary successions of crude-petroleum 
utilising microorganisms, which may be needed to breakdown the oil.
A study on aromatic hydrocarbons in groundwater used laboratory microcosms with 
the actual aquifer material, in-situ columns and a continuous forced giadient injection 
experiment at thi-ee sites was carried out (Acton and Barker, 1992). Nitrate and 
glucose additions had no affect compaied to controls in the microcosms. Nitrate and 
phosphate (electron acceptors), and acetate, yeast extract and lactate (primary 
substrates) added to in-situ water columns saw no aromatic hydrocarbon degradation. 
However, aromatic hydrocaibon utilisation was seen in unamended controls . Nitrate 
added to in-situ columns was actually inhibitory. Any biodegiadation observed by the 
anaerobic bacteria was seen at the same levels in controls (Acton and Barker, 1992).
Yuan et al. (2000) tested the addition of a nitiogen source (2 g/1) on phenanthrene 
degradation. Neither ammonia chloride nor sodium nitiate had a significant affect on 
degradation. This may be due to nitrogen not being the limiting factor; ammonium 
chloride is already present in the basal medium.
Several amendments were assessed in a study with gasoline-contaminated soil 
(Rahman et a l, 2002) including: addition of a mixed bacterial consortium, poultiy 
litter, coir pith (organic waste material which facilitates aeration tlnough small pores 
and increases the water holding capacity of soil) and rhamnolipid biosurfactant. All 
had a significant positive effect on biodegi adation of hydrocarbons in the polluted 
soil. Where all the additives were present the highest amount of degradation 
occuiTed, approximately 67% and 78% at 0.1% and 1% concentrations of additives 
respectively (Rahman et a l, 2002).
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A study using liming, fertilizer addition and tilling of diesel oil in soil, had a very 
positive affect on total hydrocarbon and PAH elimination. High molecular weight 
PAHs were eliminated within 12 weeks. Mutagenicity and toxicity assays were used 
to corroborate biodegiadation results (Wang et a l, 1990).
In summary ammonium ions were found to be an effective nutrient addition and the 
affect of nutrients was compound specific (Jackson and Pardue, 1999). An input of 
inorganic nutrients onto a land farm increased carbon dioxide production during the 
initial stages only (Bossert et a l, 1984). The combination in which N and P are added 
is important and can be detrimental (Graham et a l, 1999). A comparison between 
lipophilic fertilisers and soluble salts had similar positive affects on oil degradation 
(Olivieri et a l, 1978). Bruchon et a l (1996) showed lipophilic fertiliser Inipol EAP 
22 to increase hexadecane degradation in seawater to a higher degree compared to 
inorganic and organic nutrients, although all additions improved degradation 
compaied to controls. Oh et a l (2000) also found Inipol EAP 22 to give the highest 
CO2 yield. Water-soluble nutrients and a slow release fertiliser also increased CO2 
production above that of controls. Acton and Bai'ker (1992) found nitrate added to in- 
situ ground water columns was actually inhibitoiy, they also found the addition of N, 
P, glucose, acetate, yeast extract and lactate had no affect on aromatic hydrocarbon 
degradation in aquifer material (Acton and Barker, 1992). The hybrid effect of a 
hydi'ocai'bon-degi'ading strain and inorganic nutrients increase oil degradation in soil 
(Nwachukwu, 2001). Ammonium chloride and sodium nitrate had no significant 
effect on phenanthiene degiadation (Yuan et al 2000).
1.7.1.1 Electron acceptors
When oxygen is added in-situ it is difficult to maintain an adequate oxygen 
concentration due to its’ use biotically (i.e. microbial respiration) or abiotically 
thiough diffusion, dispersion, etc (Wilson Durant et a l, 1999). Even if oxygen is 
supplied it can have a negative effect on some microbial populations, indigenous 
microbes may have acclimatised and be microaerophilic (<2mg/l oxygen) or 
anaerobic (Omg/1 oxygen). Nitiate is a good alternative electron acceptor as it has an 
energy yield close to oxygen, is highly water soluble, inexpensive and non-toxic to
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aquifer microorganisms (below 500 mg/1). However, there are water regulations that 
limit its concentiation and it can contiibute to eutiophication. Other electron 
acceptors available to subsurface microorganisms are NO3', Fe^ ,^ S04 '^ and CO2 
(Wilson Durant et a l, 1999).
Aerobic in-situ bioremediation is not always successful; in a petroleum-polluted 
aquifer it can cause plugging of injection wells by gas and iron precipitates. Nitrate 
can be added as the electron acceptor to promote anaerobic biodégradation instead 
(Hutchins and Wilson, 1994). Nitrate addition was successful in degrading the 
alkylbenzenes in microcosm studies (Hutchins and Wilson, 1994).
Both nitrate and hydrogen peroxide (providing oxygen by disintegration) were tested 
in a pilot bioremediation study of hydrocarbon-contaminated ground as electron 
acceptors; nitiate was efficient and used in the large-scale remediation scheme with a 
capacity of 520 m^/h. hicreasing giound water temperature from 12-20 °C doubled 
the degradation rate already increased by the nitrate addition (Battermann et al,
1994). Hydrogen peroxide was only efficient in the vicinity of injection due to its’ 
rapid catalytic disintegration and the limitations of tiansporting dissolved oxygen 
(Batteimann et a l, 1994).
It has been illustrated that there is no clear trends for nutrient addition. Therefore, 
specific field studies are needed to ensure loading rates of nutrients and the foim of 
nutrient are optimal for the ecosystems of interest, to ensui'e the amendments ai e 
effective (Jackson and Pardue, 1999). The hydrology, competition for nutiients by 
plants, soiption studies and oxygen limitations all need to be taken into consideration 
when devising an appropriate nutrient amendment (Jackson and Pardue, 1999). The 
nitrogen cycling in the ecosystems also needs to be considered as fertilisers added to 
soils are most probably recycled (Bossert et a l, 1984), the amount of nitrogen added 
to a system needs to be careflilly investigated so eutrophication is avoided and 
nitrogen levels in water sources are meet (Wilson Durant et a l, 1999).
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1.7.2 Surfactants
Hydrocai'bons intrinsic hydrophobicity and low water solubility means they pass very 
slowly from the non-aqueous phase into the aqueous phase where microorganisms 
reside. In soil they adsorb on to humus and clay fractions, thus causing low 
bio availability and therefore low biodégradation rates (Bardi et al., 2000). Surfactants 
have been a common route to alleviate the low bio availability problem. Both soil and 
water studies have used sui'factants, including the studies already mentioned above 
using Inipol EAP 22 (Bruchon et ah, 1996; Oh et al., 2000).
When surfactant concentrations ar e above their critical micelle concentration (CMC) 
the surfactant molecules aggregate to form micelles in water, these micelles can 
dissolve hydrophobic molecules into their hydrophobic core, which gives an apparent 
increase in aqueous solubility (Guha and Jaffe, 1996).
Surfactants can have several functions; they can act as coupling agents (between 
organics and soil), penetrating agents or wetting agents, they do not necessarily 
behave in the way they were intended (Bioremediation forum, Louis Fournier 2/11/00 
[online]). Depending on the ionic natuie of the surfactant, the surfactant may “coat” 
the organic (hexane or hydrocaibon/hydrophobic), provided they are present as 
separate-phase product, and serve to prevent in-situ biodégradation from occumng. 
Louis Fournier 2/11/00 (Bioremediation forum [online]) said “an unrecognised key to 
making surfactants ‘work’ is the need for energy, i.e. heating energy is needed to 
create micelles.” However, T. Sobisch 3/11/00 replied; “micelle formation is its’ own 
diiven process and does not need external energy input. Emulsification does require 
energy input” (Bioremediation forum, [online]). The foimation of micelles will occur 
naturally, as the encapsulation of hydrophobic entities in a hydrophilic environment 
achieves the best enthalpy and entropy state.
Petroleum subsurface contamination of more that 3m depths is complex and difficult 
to treat since soil can tightly bind petroleum contaminants. In fact, the rate-limiting 
step in soil bioremediation is often the desorption of the contaminant fr om the soil. 
“Slow desorption can result from entrapment in intrapaiticle micropores, especially in 
the presence of organic matter, which can tightly bind nonionic organic contaminants”
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(Crawford, 1996). The soiption of pollutants to soil particles and organic matter can 
deteimine the bioavailability of the compounds.
In ex-situ bioremediation where microbes, nutrients and oxygen are added, desorption 
can particularly become the rate limiting step. PAHs are difficult to bioremediate due 
to their sti'ong sorption to the soil. The use of surfactants and co-solvents has been 
used to increase the bioavailability of the contaminants strongly bound to the soil. 
However, high concentrations of surfactants are needed to achieve a small increase in 
solubility. A 2% concentration of surfactant has been used to remove high molecular 
weight hydrocarbons, higher molecular weight PAHs and PCBs. Similar enhanced 
removal can be achieved with biosurfactants (Crawford, 1996).
1.7.2.1 Mode of uptake
The mode of uptake of hydrocarbons by microorganisms is an important aspect of 
bioremediation. There ai e two aspects to the transportation of hydrocarbons into 
bacterial cells, the adsorption of the hydrocaibon at the cell surface (Bouchez-Naitali 
et a l, 1999) and the transfer of the compound to the cytosol where metabolism occurs 
(Lindley and Heydeman, 1986). Microorganisms have three possible solutions 
available to assist hydrocarbon uptake; they only use soluble compounds, produce 
microdroplets (using surfactants) and manipulate macrodroplets (by infiltration)
(Betts, 1993).
The uptake of dodecane in filamentous fungus Cladosporium resinae was investigated 
by Lindley and Heydeman (1986), they found the uptake occuiTed in two stages; the 
passive adsorption to the outer cell sm face, which was dependent on the natuie of the 
compound, and then, the energy-requiring transfer of the alkane (unmodified) to the 
cytosol. It is thought this is either by active transport or pinocytosis, the foimation of 
membrane-bound vesicles at the plasmalemma containing the alkane. A decrease in 
concentration at the cell smface coincided with an increase in the cytosol, and that the 
cytosol concentration of dodecane was always less than at the cell surface, creating a 
diffusion gradient that could transfer the alkane to the cytosol and the point of 
metabolism. This transfer could be by facilitated diffusion as by active transport 
(Lindley and Heydeman, 1986).
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Bouchez-Naitali et al. (1999) studied the mode of uptake at the cell surface. They 
isolated and studied sixty-one bacterial strains on hexadecane for their mode of 
substrate uptake and found there were two methods; the first mode is direct interfacial 
accession, involving the contact of the microbial cell with the hydrocarbon droplet 
directly. The second mode is biosmfactant-mediated transfer, when cell contact takes 
place with solubilised or emulsified hydrocarbons (Bouchez-Naitali et a l, 1999). 
Direct interfacial accession was the most frequent mechanism used. Both hydrophilic 
and hydrophobic bacteria were found to produce biosurfactants. The biosurfactant 
can work in one of two ways; solubilisation, where the formation of micelles with a 
hydrophilic outer layer (micellai* transfer), appears to be appropriate for hydrophilic 
bacteria. Secondly, émulsification of alkane droplets (containing hydrophobic regions 
on their surface) is the primary mechanism for hydrophobic biosurfactant-producing 
bacteria (Bouchez-Naitali et a l, 1999).
1.7.2.2 Biosurfactants
Surfactants produced by microbes to facilitate their growth on hydrocarbon substrates 
have been studied. The use of synthetic surfactants can cause problems of low 
biodegiadation and toxicity. However, the biosurfactants are less toxic and easily 
degiadable (Ivshina et a l, 1998).
A wide range of microorganisms produce biosurfactants, they differ in chemical 
properties and moleculai' size. Biosurfactants are often glycolipids (low molecular 
weight), while higher molecular weight biosurfactants are either polyanionic 
heteropolysacchaiides containing hydrophobic side chains or complexes of 
polysaccharides and proteins. The biosurfactant yield depends on the nutiitional 
environment of the organism. “Biosurfactants are produced under growth-limiting 
conditions" (Battermann et a l, 1994). With such a wide range of properties 
biosurfactants have potential application in many areas from agriculture to health care 
and environmental pollution (Karanth et a l, 1999).
Bardi et a l (2000) used P-cyclodextrin, a natural compoimd that forms soluble 
complexes with hydrophobic molecules to enhance hydrocarbon degradation in liquid
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cultures. The hydrocarbons used in the study as sole caibon source were; C12, C24, 
antlnacene and naphthalene. It was significantly effective at 1% concentration and 
increased the biodégradation by a soil microbial population of all compounds tested, 
the maximum rates being evident soon after p-cyclodextrin addition.
An indigenous P. fluorescens strain from a petroleum refinery was found to utilise 
short and long-chain alkanes and produced a biosurfactant. P. fluorescens utilised 
95% of hexadecane in 48hours, and nearly all the alkanes in cmde oil in 4 days 
(Barathi and Vasudevan, 2001).
Biosurfactants, such as rhamnolipids, or PA bioemulsifying protein produced by P. 
aeruginosa can improve bioavailability and degradation in liquid media (Holden et 
al, 2002). Using the green fluorescent protein (g%) reporter gene linked to the 
promoter of the PA protein Holden et al (2002) showed the surface-active 
compounds were expressed in sand. Comparing a P. aeruginosa wild-type to a 
mutant strain deficient in surfactant production in sand, they found hexadecane 
degradation rates to be the same. The hypothesis for the presence of the biosurfactant 
having no effect in sand is that the hexadecane and the bacterial cells were well 
distributed in the sand matrix and thus direct contact was favourable (Holden et a l, 
2002).
The biosurfactants, sophorolipids impact on phenanthrene in soil and liquid cultures 
were assessed. The biosurfactant enhanced phenanthiene degradation, no increase in 
biomass was measured so the affect was due to increased bioavailability (Schippers et 
al, 2000).
A selection of four biosurfactants were tested in fixed bed soil columns under non­
oxygen limited conditions and shown to improve degradation of a hydiocarbon 
mixture by approximately 10% (Muller-Hurtig et a l, 1989).
1.7.2.3 Synthetic surfactants
Synthetic suifactants have been used in bioremediation studies, the most notable is the 
use of Inipol EAP 22 at Prince William Sound the site of the Exxon Valdez oil spill
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(already mentioned in section 1.3.2.1), and this was considered a success. The choice 
use of a surfactant at a site needs to be considered, i.e. synthetic surfactants in soil 
washing is more cost effective than using purified biosurfactants (Ivshina et a l,
1998).
The bioavailability of compounds in the micellar phase has been investigated; Guha 
and Jaffe (1996) used Triton NlOl, Triton XlOO and Brij 35 in a study. None of these 
synthetic sui'factants were used as growth substrates by the mixed microbial 
population. With a constant concenti ation of phenanthrene, the concentration of 
micellar-phase phenanthrene that is bioavailable decreases with an increase in micelle 
concentration. The bioavailability of hydrocarbons in the presence of surfactants is 
not only a function of the specific surfactant but also of the bacterial culture used.
The hydrophobicity of the bacterial cell surface may have an affect on the transfer of 
the phenantlirene fiom the micelle to the cell surface (Guha and Jaffe, 1996).
The effect of adding non-ionic surfactants was deteimined in a study by Yuan et al 
(2000). Brij 30, Biij 35, Triton XlOO and Triton NlOl were all found to delay 
phenanthiene degiadation at 20 CMC and completely inhibit it at 100 CMC. These 
results indicate that the higher the CMC of the surfactant the greater the inhibition on 
degradation (Yuan et a l, 2000). These results confirm the findings mentioned above 
by Guha and Jaffe (1996).
Two surfactants, prawozell F I214/5 and sapogenat T-300 had no effect on PAH 
degradation in a sandy model soil compared to controls (Loser et al, 2000).
However, a study with Tween 80 in liquid culture with Sphingomonas sp. 2MPII 
showed the presence of Tween 80 increased biodégradation of phenanthrene 
significantly (Cuny et a l, 1999).
Several reasons have been suggested for the negative affects surfactants can have, 
these are listed below:
1. Certain surfactants are known to be toxic to microorganisms (Harayama, 1997; 
Yuan et a l, 2000).
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2. Once in a micelle the hydrophilic tails of the surfactant, which the 
microorganisms have to penetrate first, sunounds the hydrophobic hydrocarbon. 
The hydrocarbon is ‘locked’ into micelles and thus less available for 
degradation. The gi eater the number of hydi ocarbon molecules located in a 
micelle, the gieater the inhibition (Yuan et al., 2000).
3. Non-ionic surfactants contain polyoxyethylene molecules an indication of the 
greater presence of hydrophilic molecules, a known inhibitor of microorganism 
activity (Guha and Jaffe, 1996).
4. Microorganisms could preferentially use the surfactant as the source of carbon 
and energy (Harayama, 1997; Carmichael and Pfaender, 1997).
5. Some surfactants can accumulate at the interface between the aqueous and non- 
aqueous phases and interfere with the adherence and activity of interfacial 
microorganisms (Marcoux et al., 2000).
Suchanek et al. (2000) showed the enzyme system on the DEC plasmid in 
Pseudomonas C12B was inducible by a range of alkanes, optimally with Cg or C9, 1- 
decanol and sodium dodecyl sulphate (SDS), an anionic surfactant. Induction only 
occurred when at least one end of the alkyl chain is free. SDS stimulated the growth 
OÎPseudomonas Cl2B in a 1% (v/v) decane liquid medium and stimulated decane- 
mineralisation activity. It is proposed this is by either SDS itself being the inducer 
molecule or the sulphate ester is hydrolysed to 1-dodecanol by the Pseudomonas, and 
1-dodecanol is the inducer. It was not suggested that SDS could be acting as a 
surfactant and increasing bioavailability, causing the positive effect.
An extensive study investigating several bioremediation stimulants; salicylic acid, 
phthalic acid, Triton X-100, Inipol EAP-22, nutrient broth and M9 buffer affect on 
phenanthiene and pyiene degradation in microcosm studies with five different soils 
was earned out by Caimichael and Pfaender (1997). The amendments had different 
affects in the five soils, this is more than likely attributed to the different 
characteristics of the soil and their native microbial populations. Most of the 
supplements had no significant affect or decreased phenanthrene and pyrene 
mineralisation. The surfactants mentioned above decreased phenanthrene 
degradation. Many of the supplements increased the total heterotrophic populations
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and not the phenanthi ene-degi ading populations, this and some of the amendments 
being used as a carbon source are the explanations for the negative results 
(Carmichael and Pfaender, 1997). The CMC effect may be less important in soils, 
since the adsorption of the surfactant molecules to soil particles will increase the 
concentration of surfactant necessary to reach CMC (Caimichael and Pfaender, 1997).
The addition of five different surfactants; sodium dodecyl sulfonate (SDS) (anionic), 
Triton X-100, Brij 35, Brij 30 and Tween 80 (non-ionic) affect on the bioavailability 
of naphthalene, phenanthrene and pyrene fiom soil into water was investigated. All 
the surfactants enhanced the PAHs bioavailability (Doong and Lei, 2003).
Doong and Lei (2003) found that P. putida (NCIMB 9816) could use pyiene, Triton 
X-100 and Brij 30 as sole carbon and energy sources, however, Brij 35 and Tween 80 
could not be utilised as sole energy sources. P. putida was shown to mineralise 
pyrene; however in the presence of Triton X-100 and Brij 30 the mineralisation rate 
was decreased in a water system. This indicated the concentration of pyrene in the 
micellar-phase that can be directly biodegraded decreases as the concentration of 
micelles (smfactant) increases, tliis could be due to the mass transfer of the pyrene 
firom the micelle to P. putida cells being a rate limiting factor, or the bacteria 
preferentially utilise the surfactant as the energy source over pyrene since it resides in 
the interior of the micelle. Although, in a water system the surfactants were not 
shown to enhance pyrene mineralisation, in soil systems Brij 30 increased pyrene 
degradation at higher concentrations (it would have been beneficial for the authors to 
indicate significant difference). This study illustiates the contradictory results that 
can be obtained through surfactant investigations, as Triton X-100 is shown to act as a 
sole carbon and energy sour ce but also to inhibit microbial activity of P. putida. “The 
bioavailability of the micellai'-phase contaminant depends on the surfactant type, 
surface characteristics of the biomass, and surfactant concentrations” (Doong and Lei, 
2003).
The impact of a non-ionic, alcohol ethoxylate surfactant, witconol SN70 on 
hexadecane and phenanthiene degiadation in soil was investigated. Before CMC was 
reached the surfactant had no affect on degradation rates, however once CMC was
69
Chapter 1
reached hexadecane degradation was delayed and phenanthrene metabolism 
completely inhibited. This was due to the surfactant causing a bacterial population 
shift promoting the growth of witconol SN70-degraders (Colores et a l, 2000).
Inevitably research groups compared biosui'factants with synthetic surfactants.
Ivshina et a l (1998) showed Rhodococcus species to produce biosurfactants of lower 
toxicity, lower CMC, lower interfacial tension and lower surface tensions, compared 
to a selection of synthetic surfactants. R. ruber surfactant complexes were the least 
toxic of all the biosurfactants and synthetic surfactants tested (including Inipol EAP 
22). R. ruber surfactant complexes aie glycolipids, which have a high affinity to 
hydrophobic hydrocarbons (Ivshina et a l, 1998). They also showed that soil systems 
(biopiles) containing R. ruber cells and biosmTactant initially increased oil 
biodegiadation rates (in the first 3 months) compared to the control, and a biopile with 
ventilation, straw, nitrogen, phosphorus and potassium (NPK). However, by the end 
of the fourth month the two manipulated biopiles lost the same amount of crude oil 
(50%).
Noordman et a l (2002) did a comprehensive study on several surfactants ability to 
improve hexadecane degradation by P. aeruginosa. Among the surfactants tested was 
Tween 80, which stimulated biodégradation of hexadecane above that of controls. 
Rhamnolipids (biosurfactant) had the most significant positive affect. The accelerated 
biodégradation did not occur when the hexadecane was trapped in silica 60, 
suggesting the surfactants stimulated uptake of hexadecane by the cells. No 
conelation was found between HLB and CMC of a surfactant and its’ degradation 
affects on hexadecane (Noordman et a l, 2002). Hydrophile-lipophile balance (HLB) 
is an empirical parameter that describes the affinity of the surfactant for the oil-water 
interface (Noordman et a l, 2002).
Marcoux et al (2000) tested several additions to a mixed microbial consortium 
(enriched from a creosote-contaminated soil at a wood treatment facility), in two- 
liquid-phase (TLP) bioreactors. The surfactants Triton X-100, witconol SN70 and 
Brij 35 (at 2 X  CMC concentration) had no effect on PAHs; pyrene, clnysene, 
benzo[a]pyrene and perylene degradation. The biosurfactant rhamnolipids produced
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by P. aeruginosa S7RP were actually inhibitory. It caused 4 and 16-day lag periods 
for pyiene and chrysene respectively, and no degradation of benzo[a]pyrene and 
perylene. Inipol EAP 22 had no affect on PAH degradation either (Marcoux et a l, 
2000).
The interaction between two bacterial species; Rhodococcus sp. strain F9-D79 and 
Pseudomonas sp. strain JA5-B45 in the presence of a non-ionic chemical surfactant 
(Igepal CO-630) has been studied (van Hamme and Ward, 2001). The surfactant had 
two affects (i) improved hydrocarbon uptake by the Pseudomonas strain by 
émulsification and (ii) inhibited the Rhodococcus stiain fi om attaching to the oil- 
water interface, creating a more dynamic emulsion, indirectly increasing hydrocarbon 
bioavailability for the Pseudomonas strain. Overall, addition of the surfactant to the 
cocultuie increased TPH removal from 13% to 40%. This illustrates the diverse 
affects surfactants have on remediation studies is species dependent (van Hamme and 
Ward, 2001). The Rhodococcus sp. strain giew at the oil-water interface and 
produced a mycolic acid-containing capsule in the absence of the surfactant, however 
in its’ presence the Igepal CO-630 inhibited Rhodococcus from adhering to the 
interface. The Pseudomonas sp. strain grew in the aqueous phase and did not 
emulsify oil, in coculture stable emulsions were formed and the Pseudomonas 
attached to the capsules formed by Rhodococcus sp. It appears that the Rhodococcus 
sp. adhering to the oil-water surface does not allow access of the Pseudomonas strain 
to the aromatic hydrocarbons (van Hamme and Ward, 2001).
With mixed populations responsible for biodégradation a whole range of interactions 
are in play. There is a range of methods for accessing the hydrocarbons from direct 
adherence of the microbes to the hydrocarbon-water interfaces to biosurfactant- 
mediated micellar tiansfer (van Hamme and Ward, 2001). It is hardly surprising then 
that sui'factants can have such a differing affect depending on the systems in use.
A similar study was also cairied out by Allen et a l (1999) by investigating the affect 
of Triton X-100 on PAH (phenanthrene and naphthalene) oxidation by arene 
dioxygenase enzymes, in two different bacteria {Pseudomonas sp. and Sphingomonas 
yanoikuyae). The surfactant had a positive effect on Pseudomonas sp., but a negative,
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in fact toxic effect on Sphinogomonas yanoikuyae. The inhibition of the 
Sphingomonas sp. by Triton X-100 was investigated further. Triton X-100 did not 
affect dioxygenase enzyme activity; they propose the site of inhibition is at the cell 
membrane, as this would affect the supply of electrons to the enzyme via NADH or 
NADPH (Allen et al., 1999).
Ang and Abdul (1992) showed that indigenous microbes could degiade low levels of 
an alcohol ethoxylate surfactant. The degradation rates were increased with the 
addition of nutiients and oxygen, surfactants can be used as a carbon souice. This is 
relevant to contaminated sites after soil washing to ensure there is no residual 
contamination from the surfactant applied.
Corexit 9500, a chemical dispersant has been shown to be utilised as a sole carbon 
and energy source by an enriched consortium, which could also mineralise fresh oil, 
weathered oil and dispersed oil. The order of prefened substrate degradation was 2- 
methylnaphthalene >dodecane >phenanthrene >hexadecane > pyiene. Mineralisation 
of the cmde oil was not affected by nutrients or sediment (high sand, low organic 
carbon) however, adding the dispersant Corexit 9500 inhibited hexadecane and 
phenanthiene degiadation but did not affect pyrene, the other two. The effect of 
Corexit 9500 is not predictable by hydrocarbon class. Chemical dispersion of oil by 
Corexit 9500 did not increase carbon mineralisation (Lindstrom and Braddock, 2002).
Bioavailability of contaminants is an important issue, not just for the clean-up 
potential and availability to hydrocarbon-degiading bacteria but also to risk 
assessments. Studies have been undertaken to assess bioavailability and 
environmentally acceptable endpoints. The endpoints have been assessed with 
several toxicity assays from Microtox to earthwonn toxicity (Stroo et a l, 2000).
Reports have indicated surfactants have positive and negative effects on 
biodegi adation of organics. Table 1.6 summarises the research findings discussed.
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POSITIVE EFFECT ON HYDROCARBON 
DEGRADATION NO EFFECT OR *NEGA TIVE EFFECT ON HYDROCARBON DEGRADATION
Synthetic/chemical
surfactants
Tween 80 
(Cuny et al, 1999; 
Noordman et al,
2002)
SDS(Suchanek et al, 
2000)
Triton XlOO with 
Pseudomonas 
(Allen 1999)
Igepol CO-630 with 
Pseudomonas 
(van Hamme and 
Ward, 2001)
Brij 30 in soil 
(Doong and Lei, 
2003)
Biosurfactants
P. fluorescens 
biosurfactant 
(Barathi and 
Vasudevan, 2001)
R. ruber
(Ivshina et al, 1998)
Rhamnolipids 
(Noordman et al, 
2002)
Sophorolipids 
(Schippers et al,
2000)
P-cyclodextrin 
(Bardi et al, 2000)
Synthetic/chemical surfactants
Brij 30, Brij 35, Triton 
XlOO, Triton NlOl 
(Yuan et al, 2000)
Triton XlOO,
Witconol SN70, Brij 
35, Inipol EAP 22 
(Marcoux et al, 2000)
*Triton XlOO with S. 
yanoikuyae 
(Allen e/a/., 1999)
*Igepol CO-630 with 
Rhodococcus 
(van Hamme and 
Ward, 2001)
*Triton XlOO 
*hiipol EAP 22 
(Carmichael and 
Pfaender, 1997)
Witconol SN70 
(Colores et al, 2000)
Prawozell F1214/5 
Sapogenat T-300 
(Loser et al, 2000)
Triton NlOl, Brij 3 5 
Triton XlOO 
(Guha and Jaffe,
1996)
SDS, Triton XlOO,
Brij 35, Brij 30 and 
Tween 80 in water 
(Doong and Lei,
2003)____________
Biosurfactants
*Rhamnolipids by P. 
aeroginosa 
(Marcoux et al, 2000)
Rhamnolipids and PA 
emulsifying protein 
(Holden et al, 2002)
Table 1.6. A table to compare the results of surfactant studies
An interesting point to note is that out of the five studies with synthetic surfactants 
that were successful at improving biodégradation rates, four were with Pseudomonas 
strains, the other was with a Sphingomonas strain. Perhaps the successfulness of
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these studies was due to the choice of inoculum in conjunction with the synthetic 
surfactant.
The affect of surfactants is poorly predictable. This is more than likely due to the 
microorganisms in the system, as is evident a surfactant can affect different bacteria 
differently and unless the affect is positive overall, adding surfactant would not be of 
benefit. It should be remembered with all enhancements the additive would only 
increase degi adation rates if it were the rate-limiting step. For example, nutrient and 
biosui'factant addition can be ineffective in chronic and large oil spills if soil 
sterilisation has occurred (Nwachukwu, 2001).
1.7.3 Cometabolism and cosubstrate addition
Cometabolism and cosubstrates aie teims often confused. Cometabolism in this case, 
is the metabolism of one substrate by an enzyme or group of enzymes with broad 
specificity of the ‘active site’ and is capable of degiading another substrate 
simultaneously, i.e. white rot fungi lignin perioxidases metabolise lignin, however, its 
broad substiate specificity enables polycyclic aiomatic hydrocarbons to be 
mineralised also. Cosubstrates are substrates added to cultures and other matrices as 
an energy source (e.g. glucose or yeast extract) to increase the microbial population 
and elevate biomass. The rate of pollutant biodegi adation is biomass linked, so an 
increase in the numbers of contaminant degraders will increase contaminant 
mineralisation. A concern with adding co-substrates is diauxic growth; the use of a 
primaiy substrate that the microbes preferentially degrade so the pollutant persists and 
is not degraded (Acton and Barker, 1992). Enzyme inducers of the enzymatic 
degradation pathways have also been studied and these will be discussed here.
Cometabolism in a biotic process where microorganisms’ enzymes catalyse reactions 
involving different compounds that are chemically related; this non-specificity of the 
enzymes allows mineralisation of chemicals duiing the metabolism of growth 
substiates. The cometabolites are not growth substiates, and an increase in biomass 
or population size is not seen. A very slow rate of degradation of the cometabolite is 
also seen, unlike giowth substrates where the rate increases rapidly with time 
(Alexander, 1981).
74
Chapter 1
Cometabolism can cause persistence of compounds. As a chemical is converted to an 
inteimediate ‘un-intentionally’, there may not be other enzymes present with the 
capacity to further degrade the intermediate. From non-toxic precursors toxicants can 
be generated. Tlirough normal metabolism these intermediates would not be present 
long enough to cause problems, as they would just carry on down the metabolic 
cascade. However, if these toxic intermediates are produced by cometabolism there 
may be no metabolic cascade and they could persist (Alexander, 1981).
1.7.3.1 Catabolic enzyme inducers
Catabolic inducers salicylate, benzoate and catechol (at 25 and 50 mg/1) were 
investigated for their affect on PAH metabolism (Marcoux et a l, 2000). They had no 
affect on PAH degiadation. hi fact, the only additives that had a positive effect, and 
speeded-up high moleculai- weight (HMW) PAH degradation was the addition of low 
molecular weight (LMW) PAHs naphthalene and phenanthrene. They had little affect 
on pyrene but they increased degi adation of chrysene, benzo[a]pyrene and perylene 
(Maicoux et a l, 2000).
1.7.3.2 Cosubstrate Addition
Cosubstrates can also be teimed ‘primary substrates’. These are easily metabolisable 
growth substrates that increase biomass and this in turn increases hydrocarbon 
metabolism.
In a land faim study of oily sludge the addition of wheat straw increased carbon 
dioxide production but inhibited hydrocarbon mineralisation. This may be due to the 
straw acting as a substitute carbon source, and could be the preferred substrate, 
compared to hydrocarbons, i.e. diauxic giowth (Bossert et a l, 1984).
Bruchon et a l (1996) studied the effect of nutrients and the addition of oleic acid as a 
caibon souice. Oleic acid had previously been reported as a ‘starter’ role, i.e. 
increasing bacterial population. This did not occur here which may have been due to 
a large initial bacterial population (10  ^bacteria/ml). Both oleic acid and hexadecane 
could be metabolised simultaneously, oleic acid did not inhibit hexadecane 
degradation.
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Yuan et al (2000) showed both cometabolism of PAHs and addition of a co-substrate 
increased phenanthrene degiadation. In order of highest degiadation rate to lowest 
(degiadation time in brackets), yeast extract (~11 h), acetate (20 h), glucose (-24 h) 
and pymvate (-24 h) all increased phenanthrene degradation above that of controls 
(Yuan et a l, 2000). The cometabolism part of this study is discussed in the 
cometabolism section.
Fluorene was degraded in the presence of a co-substiate hy Mycobacterium sp. BBl, 
there was no growth on fluorene as the sole carbon source, however, in the presence 
of yeast extract and peptone it was metabolised (Boldiin et a l, 1993). Boldiin et al 
(1993) also assessed cometabolism with other PAHs, this is discussed in the 
cometabolism section.
1.7.3.3. Cometabolism
PAHs as a gioup exhibit cometabolism in certain strains of microorganisms. In 
Pseudomonas', P. stutzeri and P. saccharophila competitive co-metabolism has been 
demonstiated (Stringfellow and Aitken, 1995). Phenantluene degradation was 
inhibited by naphthalene, 1-methylnaphthalene, 2-methylnaphthalene and fluorene, 
this suggests multiple PAHs are transformed by a common enzyme pathway.
Fluorene was cometabolised with phenanthiene, fluoranthene and pyrene as growth 
substrates. Fluorene was not degraded when presented alone by Mycobacterium sp. 
BBl. Slower degradation of fluorene was seen with the PAHs than with co­
substrates, this coiTesponded with slow degi adation of those as giowth substrates 
compared to yeast extract and peptone (Boldrin et a l, 1993).
Using a mixed microbial population Yuan et al (2000) showed 5 mg/1 of 
phenanthiene was degraded aerobically within 28 hours. This degradation rate may 
not be surprising starting with such a low concenti ation (5 mg/1) of phenanthrene. 
They studied five PAHs; phenanthrene, acenaphthalene, anthracene, fluorene and 
pyrene, both as a mixture and individually. Individually, phenanthrene, 
acenaphthalene and pyrene were degiaded in 28 hours, 10 and 12 days respectively.
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Fluorene and anthracene were not degraded within the 12-day period. As a mixture; 
phenanthrene, acenaphthalene and pyi ene degradation was delayed by 10 days or 
more, while fluorene and anthracene degradation was enhanced. This suggests 
fluorene and anthracene can not be used as the sole carbon source for this mixed 
population, but can be cometabolised in the presence of other PAHs (Yuan et a l, 
2000).
Ko and Lebeault (1999) studied the effect of co-metabolism using two strains; 
Pseudomonas aeruginosa K1 and Rhodococcus equi PI, both capable of degiading n- 
alkane mixtures, and strain PI could also degrade pristane. Neither strain could 
degrade decalin. Each strain could degrade 10 g/1 of an n-alkane mixture in 24 hrs.
Co-oxidation was observed using crude oil with strain PI. Along with the alkanes C?- 
C33, pristane, phytane, cyclohexane and /ra«.s-decalin were degraded. This is 
considered to be the result of simultaneous oxidation with the «-alkanes degradation. 
When individual co-metabolites were tested, for example, glucose, citrate, «- 
hexadecanoic acid, pristane and hexadecane, pristane and hexadecane (which gave the 
most significant effect) presence enabled the co-oxidation of decalin. Strain K1 did 
not have this co-oxidation ability and it was unable to degrade decalin or pristane. 
When strain K1 and PI were used as a mixtuie the degradation of the hydrocaibon 
mixtui e, particulaily decalin was incomplete. This was as a result of the competition 
for hexadecane by both strains. Serial addition (twice) of hexadecane allowed the 
complete mineralisation of decalin by stiain PI.
Bouchez et al (1999) studied co-metabolism of a mixture of five PAH with three 
individual isolates, the isolates as a mixtuie and a PAH-contaminated soil consortium. 
The individual strains exhibited completely different reactions to the PAH as 
mixtures. Strain S Phe Na 1 substrate phenanthrene was fully degraded in the 
presence of four other PAHs, except fluorene partially inhibited phenanthiene 
oxidation. Fluorene was co-metabolised, the inhibition may have been due to 
fluorene metabolites as inhibition was not apparent until 6 hours into the experiment. 
Anthracene and fluoranthene were also cometabolised but with no inhibitory effect. 
Pyrene was not co-metabolised. For strain S Flu Aul no co-oxidation of any other 
PAH took place while degrading its’ substiate fluorene, however, the addition of
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phenanthrene inhibited fluorene metabolism. In this case, phenanthrene was the 
inliibitor as this affect was immediate. These stiain-speciflc PAH interactions, either 
competitive inhibition or cometabolism are widespread and make it difficult to predict 
the affect of a mixed PAH substrate on individual strains or mixed populations 
(Bouchez et a l, 1999).
The volatile fi action of gasoline (C4-C6) was degr aded as a carbon source by 
microflora from an urban wastewater treatment plant. 2,2-dimethylbutane 
degr adation only occuned when presented in a mixture therefore suggesting 
cometabolism (Solano-Serena et a l, 2000a). The experiment was carried out in 
closed flasks. The adaptation period (lag phase) was 5-6 days for sufficient numbers 
of the appropriate microbial populations to accmnulate. 99% of the compounds were 
in gaseous form, biodégradation studies of the gaseous fi actions of petrol are 
questionable to their usefulness as the compounds in the natural environment will 
volatilise before degradation can take place.
From the above studies cometabolism is apparent for PAHs and other hydrocarbon 
mixtures, it can also occur between an aromatic and a surfactant. Richard and Vogel 
(1999) carried out a co-oxidation test, one strain oiP. fluorescens had the ability to 
cometabolise phenanthrene with Tween 80 (1 g/1) as the growth substrate (Richard 
and Vogel, 1999). It is also apparent that cometabolism can have both a positive and 
a negative or inhibitory effect. Stingfellow and Aitken (1995) showed fluorene, 1- 
methylnaphthalene and 2-methylnaphthalene were competitive inliibitors of 
phenanthrene metabolism with P. stutzeri and P. saccharophila.
The addition of co-substrates has mixed effects, glucose, pyruvate, acetate (Yuan et 
al, 2000), yeast extract (Yuan et a l, 2000; Boldrin et al, 1993) and peptone (Boldrin 
et a l, 1993) all were shown to improve biodégradation. However, oleic acid had no 
effect on biodegiadation rates (Bruchon et a l, 1996) and wheat stiaw had an 
inhibitory effect (Bossert et a l, 1984). Again, the effects of adding a co-substrate and 
the extent of cometabolism are unpredictable and should be assessed on a case-by- 
case basis.
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1.8 Analytical procedures
It is intended to present a summary of the several methods of extraction and analysis 
of hydrocarbons used in the field. There are reviews on this topic (PAHs - Vo-Dinh 
et a l, 1998) so there is no need to repeat it all in detail here.
Gas chromatogi'aphy (GC) is by far the most widely used method to quantitatively 
measure hydrocai'bons, and its application has particularly been widespread in this 
field (Coates et a l, 1997; Suchanek et a l, 2000; Ko and Lebeault, 1999). Flame 
ionisation detector gas chromatography (FID-GC) has been the analytical tool used by 
most gi'oups to deteimine hydrocarbon concentrations. GC-MS has been used to 
measure aromatics (Whyte et a l, 1997).
The consumption of oxygen and the release of carbon dioxide during respiration can 
be used as a measure of microbial activity. The eventual conversion of hydrocarbons 
to carbon dioxide has lead to this product being used as a measure of hydi ocarbon 
mineralisation. Gas chromatography can be used to measuie caibon dioxide when 
fitted with a TCD detector, this method has been used by several research groups 
(Atlas et al', 1980, Bossert et a l, 1984; Richard and Vogel, 1999; Graham et al,
1999; Solano-Serena et a l, 2000b). When CO2 is measured below the TCD detector 
sensitivity, a catalytic reactor is needed to reduce carbon dioxide leaving the column 
to methane, this can then be detected at considerably lower concentrations using an 
FID detector.
Radio-respirometry, using radiolabelled hydrocarbons and measuring the production 
of '^^ C02 has also been extensively used (Guerin and Boyd, 1995; Sanseverino et a l, 
1993; Coates et a l, 1997; Bmchon et a l, 1996; Suchanek et a l, 2000; Kotterman et 
al, 1998). CO2 measurements have also been deteimined titiimetiically with KOH 
(Whyte et a l, 1997) or NaOH (Jones and Edington, 1968).
Oxygen consumption has been used as a measure of hydrocarbon degi adation by 
gi'oups, including, Bouchez et a l (1999) using electrolytic respirometry apparatus and 
residual PAH was measured by GC-FID. Stingfellow and Aitken (1995) used
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respirometer cell and oxygen measurements of alkanes, and a spectrophotometric 
assay of phenanthrene to detennine degi adation. Quite often a mixture of techniques 
aie used (Graham et a l, 1999; Weigand et a l, 2002; Solano-Serena et a l, 2000a), if 
CO2 or O2 is measured the residual hydi'ocaibons at the end of the experiment are 
often also measured. Oh et al (2000) used simultaneous measurement of respiration 
(titrimetrically) and TLC/FED of oil.
The growth of plants in contaminated soils has also been used as an indication of 
hydrocarbon degradation (Rahman et a l, 2002). A pulse crop, Vigna mungo (L.) 
Hepper commonly known as Black Gram was affected by oily wastewater deposits on 
land. Growth characteristics of the crop were decreased significantly due to persistent 
hydrocai'bons. Oil concentrations were observed at 50cm depth in the oil-polluted 
field (Ilangovan and Vivekanandan, 1992). Another study used maize growth and 
perfoi-mance as an indication of biodegi adation of crude oil with nutrient supplements 
(Amadi et a l, 1993). Mutagenicity and toxicity assays have been used to coiToborate 
biodegiadation results (Wang, Yu and Bartha, 1990).
Other, less common techniques used to measure hydrocarbons include inft ared 
spectroscopy (Baiba et a l, 1998b), giavimetiic (Bossert et a l, 1984; Mana Capelli et 
a l, 2001) and CHN analysis (Cho et a l, 1997).
An extraction method for the simultaneous deteimination of PAHs and PCBs from 
sewage sludge and compost, has been considered as pollutants are often found 
together in the environment, the extraction used hexane: dichloromethane 4:1 and 
measured using GC (Lazzari et a l, 1999).
Long-path DOAS (differential optical absorption spectroscopy) in the UV 
(ultraviolet) region has been used to measure low-concentrations of twelve light 
aromatic hydi'ocarbons (Axelsson et a l, 1995). Specti'ophotometric measurement of 
aromatic hydrocarbons in Cu-Ch paraffin dehydrogenation products (initial materials 
for making detergents) have been made (Anopova et a l, 1987).
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A quartz crystal microbalance (QCM) has been used to detect aliphatic hydrocaibon 
vapours such as «-pentane, «-heptane and cyclohexane, the quartz crystal electrodes 
measuie the frequency shifts due to adsorption on to a polydimethylsiloxane polymer 
film (Mirmohseni and Hassanzadeh, 2000).
Microwave-assisted exti action (MAE) a new exti action technique of organic 
compounds fiom soil has been compared to the traditional Soxhlet extraction (Shu et 
al, 2000). The results were compaiable and MAE has advantages due to faster 
extraction and a lower solvent quantity usage.
Pem’ose (1978) comments on monitoring and assessing oil contamination ecosystem 
using biological indicators instead of chemical analysis, i.e. the aryl hydrocarbon 
hydroxylase (AHH) system, a physiological response to oil contamination, or the 
proportion of hydrocaibon-degrading bacteria to heterotrophic bacteria. “Specificity 
is the most important requirement of a useful biological indicator” Penrose (1978). 
Non-chemical biological indicators have not been widely used to measuie 
hydrocarbon degradation; they have been used in conjunction with chemical analyses.
1.8.1 Gas chromatography
Gas chromatography separ ates mixtures on the basis of the components different 
distribution between two phases - one stationary and one moving past it. This 
depends on the molecules soiption to the stationary phase and its vaporisation point, 
which is ultimately dependent on the structure of the molecule. The components of a 
mixture are distinguished by their retention times (time at which the molecule desorbs 
from the column and is swept with the gas phase to the detector). The stationary 
phase (the column) is chosen depending on the components of interest. It is chosen 
such that it forms a stronger attraction for ceilain components than others. With split 
injection the splitter can show discrimination, the lower molecular weight compounds 
can diffuse to vent more rapidly than higher molecular weight compounds. An 
internal standard is used for quantitative analysis to compensate for any inaccuracies 
caused by the equipment and improve reproducability. The flame ionisation detector 
(FED) has high sensitivity and selectivity of carbon-containing compounds (Willett, 
1993).
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There aie differences in performance between the two main analytical procedures for 
measuring PAHs: GC and HPLC. GC-MS is encouraged to be the most appropriate 
method of detecting a wide range of PAH analytes (Law et a l, 2000).
1.8.2 SoÊid-phase micro-extraction (SPME)
Hydrocarbon analysis requires first the extraction of the hydrocarbons from the matrix 
(soil, water, sluiiies) into an organic phase. The liquid: liquid extraction used from 
water systems can use large quantities of solvents, such as hexane, benzene, methanol, 
acetone and mixtures of these solvents. Extracting fr om soil requires even more effort 
and the usual method is Soxhlet extraction, requiring solvents and several extiaction 
cycles. Several hydrocarbon extraction procedur es from soil have been used, along 
with different internal standards. There is a whole range of extraction methods used 
in the literature. Often research groups adapt extraction methods to suit their needs.
Class separ ation of hydr ocar bon compounds from the soil is often achieved by silica 
gel coliunn chromatography (Fedorak and Westlake, 1981a and b; Chaineau et al, 
1995; Baiba et a l, 1998b; Wang et a l, 1990; Song et a l, 1990). Liquid 
chromatography has also been used for class separation (Al-Gounaim et a l, 1995; 
Vecchioli «/., 1997).
Solid-phase micro extraction (SPME) is an alternative technique to liquid-liquid 
extraction or Soxhlet extraction. Its use is limited to semivolitile or volatile 
compounds. SPME is widely used; it uses adsorbent material to extract organic 
compoimds from a variety of matrices; gas, liquid and solid. SPME uses fibre with 
special fibre coatings and sizes that allow for specific extraction of compounds. The 
SPME fibre is simply exposed to a volume of aqueous solution for a certain length of 
time, the extractant is absorbed onto the fibre (Alpendurada, 2000).
Solid-phase micro-extraction (SPME) has been used as a monitoring tool of 
hydrocarbons. It can be used to detect volatile and semi-volatile substances in air and 
water, with high reproducibility and sensitivity (Eriksson et a l, 1998; Eriksson et al, 
1999), “A fused-silica fibre, coated with a polymer of a defined thickness, is exposed
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to the headspace of the sample or immersed in a water sample to extract analytes.” 
The fibre is injected into a GC for thermal desorption and analysis, the method has the 
added benefit of the fibre being re-usable and requiring no solvent. Eriksson et al. 
(1998) compared the SPME extraction of diesel oil in water with pentane extraction 
and showed it as an equally efficient method. Naphthalene could also be measured 
using SPME (Eriksson et a l, 1999). Eriksson et a l (1999) used headspace solid- 
phase micro extiaction (HS-SPME) for hydrocarbon analysis; this requires the flasks 
to be sealed. Sufficient airspace was left to maintain aerobic activity (solid phase: gas 
phase, 1:10 v/v).
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1.9 Summary
The extent and scope of bioremediation studies have been illustrated. The many 
bioremediation studies have subtle differences in; the system used, the hydrocarbons 
tested, the microorganisms and any ‘additives’ that have been assessed. The studies 
range from in-situ, ex-situ, microcosms and laboratory experiments. Each subtle 
difference provides new work and more information in the field.
The methods of bioaugmentation to improve pollutant biodégradation have been 
extensively studied, as is evident in this review. The use of suifactants to increase 
hydrocarbon bioavailability (Cuny et a l, 1999; Noordman et a l, 2002; Allen et a l, 
1999; Doong and Lei., 2003; Yuan et a l, 2000), the addition of nutrients; nitrogen, 
phosphorus (Fedorak and Westlake, 1981b) and oxygen to ensure optimum 
conditions, the inclusion of electron acceptors (Battermaim et a l, 1994; Wilson 
Diuant et a l, 1999), catabolic inducers (Marcoux et a l, 2000), cosubstrates (primary 
substrates) (Boldrin et a l, 1993), cometabolism (Boldrin et a l, 1993; Bouchez et a l, 
1999) and the inoculation with microorganisms (Vecchioli et a l, 1990) have all be 
utilised to improve the rate of hydrocarbon metabolism.
Unfortmiately, no predictable clear message is given for the success of any of these 
methods. In some cases the ‘additions’ have been a success and biodégradation of 
hydrocarbons has increased above that of natural attenuation. However, in other cases 
it has had no impact or has actually been inhibitory.
The main message from work in the bioremediation research field is it is site and 
situation specific bioaugmentation should be investigated on a case by case basis.
The use of surfactants is clearly strain-specific. The addition of cosubstrates and 
cometabolism of groups of PAHs is system and strain-specific. In the environment 
microorganisms are present in groups, the addition of a surfactant or cosubstrate will 
affect one microbial population differently from another. The overall affect needs to 
be positive. The addition of nutrients will only be of benefit if it is actually the rate- 
limiting factor. The addition of microorganisms is site and system specific. Again,
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these will only be of benefit if they are the rate-limiting factor and the non-indigenous 
microorganisms can compete in a new environment.
The initial remit to my project concerned petrol forecourt interceptors. It is a legal 
requirement for all petrol forecourt stations in the UK to install interceptors to ‘catch’ 
any spilt diesel, petrol or oil. This prevents the contaminated ‘run o ff from escaping 
into the main drainage system. Interceptors aie effectively large storage tanks that 
hold ‘run-off rainwater and hydrocaiton mixtures. The contents of the interceptors 
are removed and the interceptors cleaned out every 3-6 months. The waste is 
disposed-off as special waste by contractors . The main objective was to develop an 
additive for the interceptors that would allow the biodégradation of the hydrocarbons 
substrates in-situ and avoid the costs of waste disposal.
A non-sterile aqueous environment containing high levels of mixed petroleum/diesel 
hydrocaibons was simulated for this project. The aim of the project was to find any 
method that increased the rate of degiadation of a mixed hydrocarbon substrate above 
that of natural attenuation, in an aqueous system that could be extrapolated back to the 
use in interceptor tanks. The project evolved into investigating the effect of; 
microbial inoculation, surfactants, nitiogen and phosphorus addition, cosubstiates and 
a solid support for microbial attachment.
An aqueous system using non-sterile lake water with diesel as the hydrocarbon 
substiate was investigated in Chapter 2. Microbial metabolism was measured by 
carbon dioxide evolution. Nitrogen and phosphorus addition proved to be the most 
effective additive when compared to siufactants, glucose and soil inoculum. 
Hydrocarbon analysis by GC-FID of the system was necessary which prompted the 
use of a defined hydrocarbon mixture in the non-sterile lake water aqueous system in 
Chapter 3. Degradation of three hydrocarbons (hexadecane, pristane and 1- 
methylnaphthalene) was not evident. The ability of six microorganisms, a mixture of 
all six stiains and hydrocarbon-polluted soil inoculum to degrade the defined 
hydrocarbon mixtur e was examined in Chapter 4. Three known hydrocarbon 
degrading microorganisms were used as ‘positive controls’ for a comparison with 
isolated strains from soil. The known hydrocarbon degraders and the soil isolates
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were unable to metabolise the hydrocarbon substrates, so the experimental system was 
tested by changing the concentration of hydrocarbons, the nitrogen source, no shaking 
and in the absence of citrate, hr Chapter 5 the affect of adding glucose as a 
cosubstrate was assessed with P. putida, P. chrysosporium, T. harzianum and a soil 
bacterial isolate LFC D1 FI. The addition of sand as a solid support impact on 
hydrocarbon utilisation was also investigated with P. putida and P. chrysosporium.
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Chapter 2: Assessment of stimulants 
effect on diesel degradation in a non- 
sterile aqueous system
2,1 introduction
The environmental conditions of garage forecourt interceptors was simulated by using 
a non-sterile aqueous system; lake water. Lake water provided indigenous 
miroorganisms, this allowed the assessment of these microorganisms ability to adapt 
in the presence of hydrocarbon and use it as a carbon substrate. The lake water used 
was taken from the University of Surrey Lake. The Lake water microbial community 
may contain some hydrocarbon degraders, fuel hydrocarbons have entered the lake 
through run-off fr om the nearby road. The ability of foreign microorgansism from a 
soil inoculum to survive and improve hydrocarbon biodégradation could be assessed 
in a non-sterile environment with indigenous microorganisms to compete with.
The hydrocarbon chosen in the study was diesel fuel as this represented the main 
pollutant that would be found in forecourt interceptors, at a high concentration. It 
provides a real environmental contaminant and a mixture of hydrocarbon compounds.
The addition of surfactants has been used to improve hydrocarbon degradation in 
many studies. The impact of surfactants in experimental and field systems has been
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mixed; Tween 80 has had both a positive effect (Cuny et a l, 1999; Noordman et a l, 
2002) and a negative effect (Doong and Lei, 2002) on bioremediation. Other 
synthetic suifactants have been used and also had both positive and negative effects 
(Triton X I00: positive Allen et a l, 1999, negative Marcoux et a l, 2000). The use of 
a surfactant is system specific; in one case the suifactant may improve hydrocaibon 
degradation, in another situation it may not. The bacterial population present will 
have a large effect on a suifactants’ successfulness.
The surfactant chosen for the study was simply due to its availability and novelty, to 
OUI' knowledge it has never been used in bioremediation studies before. Biononex is a 
patented Swedish product. Biononex consists of fatty alcohol ethoxylates (60-100%) 
and alkylamine ethoxylates (30-60%). It is 100% soluble in water and toxicological 
testing has been cairied out on the individual components: fatty alcohol ethoxylates 
LDso oral rat >2000 mg/kg, alkylaminethoxylate LD50 oral rat >5000 mg/kg. Both 
components are more than 90% primaiy biodegradable (Strum test, OECD 30IB) and 
have no risk of accumulation in the environment. It is classed as non-hazaidous and 
non-toxic. Biononex was mainly developed to prevent fire and explosions after 
accidental spillage of gasoline and other flammable substances. This gives Biononex 
an added benefit when used on petrol forecourts. It can render spilt petrol or diesel 
non-flammable and therefore safe. It was hypothesised the surfactant would increase 
the bioavailability of the hydrocar bons of any spilt hydrocar bons while being washed 
away and improve hydrocarbon mineralisation while in the forecourt interceptors.
To compare the novel surfactant Biononex with another surfactant, Tween 80 (a non­
ionic surfactant) was chosen as it has previously been shown to increase phenanthrene 
degradation in the presence of a marine bacterium (Cuny et a l, 1999).
The addition of soil fr om a hydrocarbon-polluted oil refinery (Southampton) is a 
sotu'ce of a mixed inoculitm containing hydr ocarbon degraders. The addition of such 
an inoculum should increase the rate of hydrocar bon degradation. It would be 
assumed that the higher the number of hydrocarbon degraders the faster the rate of 
degradation, however this is not always the case (Atlas, 1995). The allochthonous 
microorganisms have to compete with the indigenous microbes for nutrients and the
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indigenous microflora may have an advantage. In this chapter there is a sour ce of 
indigenous bacteria in the lake water. The addition of a hydrocarbon-polluted soil 
sample of allochthonous microorganisms could have mixed effects, A study to 
evaluate biostimulation of indigenous populations against bioaugmentation (the 
addition of non-indigenous microorganisms) to the same system showed 
biostimulation was the most effective method (Leavitt and Brown, 1994). However, 
inoculation of soil with three mixed bacterial strains improved biodégradation of 
hydrocarbons above the controls, and fertiliser addition was tmsuccessful (Vecchioli 
et a l, 1990). The addition of non-indigenous microorganisms to the system used in 
this chapter therefore needs to be assessed for this particular' situation.
The use of cosubstrates/primary substrates as easily metabolisable growth compounds 
to increase biomass have been used in bioremediation experiments, again with mixed 
outcomes. The addition of wheat str aw inhibited hydrocarbon metabolism (Bossert 
et a l, 1994), whereas yeast extract and peptone allowed fluorene metabolism (Boldrin 
et a l, 1993). The addition of a cosubstrate was assessed here for this specific case. 
Glucose was added as a cosubstrate to determine its’ affect as a ‘stai'ter role’ to build 
microbial numbers, specifically the hydrocarbon degraders. Glucose was chosen due 
to its’ availability and having been shown to successfully increase hydrocarbon 
metabolism above that of controls (Yuan et a l, 2000) and glucose had been shown to 
increase cyanide degr adation rates by acting as a cosubstrate (Bzzi, 2001).
Lastly, the addition of inorganic nitrogen (N) and phosphorus (P) was investigated. 
The addition of inorganic N and P has had a mixed response in bioremediation 
studies. Inorganic nutrients onto a land farm increased carbon dioxide production 
(Bossert et a l, 1984), however addition of ammonium chloride and sodium nitrate 
had no effect on phenanthrene metabolism (Yuan et a l, 2000). Inorganic sources of 
nitrogen and phosphor-us; sodimn nitrate and potassium phosphate were used in this 
study.
Some of the common techniques used in bioremediation were compared with each 
other. The optimum mixture of stimulants could then be a possible addition to garage 
forecom't interceptors to speed up biodégradation and deem the water clean.
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When carbon substrates (i.e. hydrocarbons) are biodegraded they are eventually 
converted to biomass and respired as carbon dioxide by the microorganisms. In this 
chapter carbon dioxide measurements were used as the hydrocarbon biodégradation 
indicator compared against controls.
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2 . 2  Materials and Methods
2.2.1 Chemicals and reagents
Most of the chemicals were from Sigma Aldrich chemical company (unless otherwise 
stated) and all the chemicals used were of the highest quality and purity.
2.2.2 Soil and water sample collection
Lake water was collected on the day of experimentation in 500 ml Duian bottles. 
Sterility of samples was not necessary as the experiment was trying to emulate non- 
sterile environmental conditions. The water was then distributed in aliquots to 250 ml 
Erlenmeyer flasks to ensure a total volume of 25 ml.
A clayey soil was collected from a landfarrn on an oil refinery (Southampton). All 
tarrk bottom sludge and any hydrocarbon-polluted materials were placed and mixed 
with the soil at this landfarrn. The landfarm was being used for bioremediation of 
crude oil hydr ocarbons by natural attenuation. Soil samples were taken at random 
points on the landfarm at 0, 10, 20 and 30 cm depths. The soil used in this experiment 
came fr om the same point on the landfarm at 10 cm depth. It was stored at 4 °C. The 
soil was sieved by hand and stones and other lai'ge objects removed at the time of use. 
0.25 g wet soil (1% w/v in the experimental flasks) was weighed out and added 
directly to the relevant experimental flasks. Direct inoculation with 1 g soil has been 
used to provide a mixed microbial consortium (Bouchez et a l, 1999).
2.2.3 The experimental system
250 ml Erlenmeyer flasks containing 25 ml total volume of media were incubated at 
25 °C for 31 days on an MKV Orbital Shaker (L.H. Engineering Company Limited) 
set at approximately 220 rpm. The flasks were adjusted to pH 7.0 using autoclave 
sterilised 1 M NaOH by previously checking with (discarded) treatment flasks the 
amount to add using a Griffin pH meter model 80. A closed air tight system was 
needed so no gaseous exchange could occur; this allowed the change in carbon 
dioxide concentrations to be measmed. This may cause oxygen limitations, however 
sufficient airspace to maintain aerobic activity over the period of incubation is 
considered to be solid phase: gas phase, 1:10 v/v (Eriksson et a l, 1999). Rubber
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bungs were used to seal the flasks with a glass tube penetrating the bung into the 
flask. The top of the glass tube had a piece of silicone over it sealed with a Subaseal 
(no. 9). This allowed a needle to penetrate to collect gas samples. The system can be 
seen in Fig 2.1 a photograph of two of the experimental flasks.
Fig 2.1. A photograph to show the Erlenmeyer flasks with rubber bungs and glass tubes 
protruding into the flasks to allow gas collection.
2.2.4 Experimental treatments
10,000 mg/1 diesel (1% of the total volume) was added to appropriate flasks. The 
diesel was filter sterilised through a 0.45 pm Microstart filter. Autoclaved surfactants 
were added to certain flasks at 1% or 2% concentration (v/v). Glucose, sodium nitrate 
and potassium phosphate were autoclaved and added at 4.5 g/1, 3.5 g/1 and 5 g/1 
concentrations respectively. The lake water was added to all flasks at an amount to 
make the final volume 25 ml. The presence of lake water alone was the control to 
measure constitutive carbon dioxide. The effect of diesel and the other additives at 
the concentrations stated above were then added to the appropriate treatment flasks 
for comparisons. All treatments were carried out in triplicate.
2.2.4.1 Autoclaving
Where stated the solutions were sterilised by autoclaving throughout this study, this 
was at 121 °C, at a pressure of 15 Ib/in  ^for 20 mins.
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2.2.5 Carbon dioxide analysis
10 ml gas samples were taken from the flasks using a syringe and needle at regular 
time inteiwals. 5 ml of the gas sample was injected into a gas chi'omatograph (the 
other 5 ml was kept in the syringe to check results if necessary). The gas 
chi’omatograph (GC) used was a Perkin Elmer (autosystem XL) flame ionisation 
detector -  gas chromatogram (FID-GC) with a SIS column, length 2 m, internal 
diameter (i.d.) 2 mm. The temperature programme was 50 °C for 5.2 mins. The FID 
detector was set at 350 °C, a catalytic reactor kit (Perkin Elmer, P/N N612-0161) was 
installed to reduce carbon dioxide leaving the column to methane. Methane can be 
measmed at considerably lower concentrations using an FID detector. Nitrogen was 
the carrier gas.
A carbon dioxide concentration standard cmwe was achieved by using an airtight 
Dman bottle with a Subaseal on the lid to pierce with the needle and take gas samples. 
The bottle was completely flushed with nitrogen until a flat baseline was achieved. 
Known concentrations of carbon dioxide gas were then injected into the bottle and 
mixed with a ‘paper clip and paper’ gas mixer. Gas samples were then taken out of 
the bottle and injected into the GC to give peak areas at the known concentrations.
The standard curve can be seen at Fig 2.2.
2.2.6 Statistical analysis
To estimate the statistical significance between the control and experimental readings 
as well as between the different treatment groups throughout this thesis, SPSS 10.1 
for Windows 98 (SPSS Inc., Chicago, IL, USA) was used. All data was analysed 
using one-way analysis of variance (ANOVA) at P=0.05 significance level, using 
thr ee replicates (n=3). Where more than two means were compared, significant 
difference between treatments was analysed using a test for least significance 
difference (LSD). Please refer to appendix 1 for more details.
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2.3 Results
2.3.1 Carbon dioxide standard curve
The peak area of a peak generated by GC is directly proportional to the concentration 
of the compound of interest. Known concenti'ations of carbon dioxide were injected 
into the gas chromatogram to give peak area. For each sampling day a standard cm-ye 
was constructed. An example of the standar d curves obtained is shown in Fig 2.2.
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R" = 0.99954000000
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3000000
> 2500000
2^ 2000000 
I 10000001500000
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0 0.5 1 1.5
Carbon dioxide concentration (% v/v)
Fig 2.2. An example standard curve of peak area against the concentration of carbon dioxide. 
Several standard curves were constructed over the course of the experiment all with similar 
accuracy.
From the above linear plot (Fig 2.2) unknown carbon dioxide concentrations were 
calculated from the standard curve using the equation Y=MX+C, where Y is the value 
on the y-axis, M is the slope, X is the value on the x-axis and C is the intercept.
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2.3.2 The affect of diesel on lake water microorganisms carbon dioxide 
production
0.6
0.5
0.4> Lake water 
dieselc 0.3II 0.2
8§ 0.1
0 2 3 4 7 10 14
Time (days)
Fig 2.3. The addition of 10,000 mg/l diesel affect on a lake water sample. Data points are 
means of three individual replicates and the error bars represent standard error. All 
treatments contained lake water, the legend indicate the additions that have been included.
Fig 2.3 shows the addition of diesel at a high concentration did not have a negative 
affect on the indigenous microbial population and after three days the indigenous lake 
water microorganisms started to gain the ability to utilise diesel as a carbon source, by 
day 7 the increase in carbon dioxide was highly significant ( f =0.004). These results 
were not repeated in a subsequent later experiment however, where the lake water 
plus diesel treatment gave a constant low carbon dioxide reading exactly the same as 
the control lake water (see Fig 2.6). This may have been due to seasonal differences 
at the time of lake water sample collection.
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2.3.3 The affect of Biononex at two concentrations on carbon dioxide 
evoiution
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Fig 2.4. The affect of Biononex at two concentrations on carbon dioxide evolution in lake 
water samples. The data points are mean values of three replicates and the error bars 
represent standard error. All treatments contained lake water; the legends indicate the 
additions that have been included.
The effect of 1% and 2% Biononex in the presence of diesel was assessed (Fig 2.4). 
1% Biononex alone exhibited a significant ( f =0.022) increase in carbon dioxide 
values above lake water after only two days, this suggests the lake water 
microorganisms utilised Biononex as a carbon substrate. A 2% Biononex control 
with lake water was not included, for completeness this should have been, however 
comparing the surfactant plus hydrocarbon treatments was the main aim of the 
experiment and this showed the two concentrations followed a very similar pattern.
The lake water plus diesel treatment with and without 1% Biononex were 
significantly different from each other at day 4 ( f =0.021) and 7 ( f =0.005) but by day 
10 and 14 they were no longer significantly different (f>0.05). The same pattern of
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carbon dioxide production was seen in the treatment with diesel and 2% Biononex 
compared to lake water with diesel alone. By day fouiteen neither lake water with 
diesel plus 1% or 2% Biononex were significantly different from lake water plus 
diesel alone. The treatment with 1% Biononex was significantly different (P=0.039) 
from the treatment with diesel and 1% Biononex by day fourteen, the presence of both 
the hydrocarbon and surfactant gave the highest carbon dioxide respiration. The 
presence of Biononex may have increased diesel respiration, however this higher rate 
of carbon dioxide evolution is more likely due to the additive effect of both Biononex 
and diesel metabolism.
Diesel mineralisation seemed to be slowed down in the presence of Biononex. Initial 
mineralisation by the lake water microorganisms in the presence of diesel alone began 
at day three, however in the presence of both diesel and surfactant carbon dioxide 
concentrations only started increasing at day seven. With only Biononex present in 
the experimental flasks respiration was evident at day two, much earlier than day 
seven when an increase in respiration began with both the diesel and surfactant 
present. The sur factant and diesel micelle complex delayed early biodégradation. 
There may be two explanations for this, the Biononex increased diesel bioavailability 
and this higher ‘bioavailable’ concentration was actually toxic and prevented early 
signs of biodégradation until the microbes had adapted to the new high concentr ation 
of hydrocarbon, or the diesel-Biononex complex needed a longer adaptation period 
before it could be metabolised.
Lake water with diesel and 1% or 2% Biononex treatments were not significantly 
(P>0.05) different firom each other throughout the experiment.
The addition of hydr ocarbon-polluted soil was also evaluated in the same experiment. 
In these treatments, the diesel, Biononex and soil are all present in the lake water.
Fig 2.5 illustrates the treatments containing soil compared to controls.
97
Chapter 2
1
0.8
0.6
0.4
0.2
0
0 2 4 6 8 10 12 14
Time / days
Lake water 
1 % Biononex
diesel+2% Biononex+SOIL
diesel
diesel+1% Biononex+SOIL 
diesel+SOIL
Fig 2.5. The addition of hydrocarbon-polluted soil to lake water treatments with 1% diesel and 
Biononex. All values are the mean of independent triplicate flasks and the error bars illustrate 
+/- standard error. All the treatment flasks contain lake water; the legend illustrates the 
additions that have been made.
Fig 2.5 compares the addition of a soil inoculum in the presence of both diesel and the 
two concentrations of Biononex. Compared to diesel alone the flasks with diesel+1% 
Biononex+soil and with the 2% concentration of Biononex were significantly 
different (P<0.05) until day seven, where only the diesel plus 2% Biononex plus soil 
treatment was still significantly higher ( f =0.004) from the lake water plus diesel 
treatment, by day fourteen this was no longer significant (f>0.05). Lake water with 
diesel, 1% Biononex and soil and the same treatment with 2% Biononex were not 
significantly different (f>0.05) from each other throughout the experiment. The soil 
inoculum added to the flasks with diesel and Biononex increased respiration until day 
fourteen where it was no longer significant (f>0.05).
The carbon dioxide evolution in the treatment with diesel only was significantly lower 
(f<0.05) from the treatment where soil has also been added until day seven where 
they were no longer significantly different (P>0.05). This coincides with the
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increasing cai’bon dioxide production of indigenous lake water microorganisms with 
diesel, suggesting the initial increase in respiration in the inoculated treatment was 
due to the additional microbial load from the soil. Inoculation increased the initial 
rate of carbon dioxide evolution this could be due to either an increase in hydrocarbon 
utilisation, or due to the additional microorganisms in the soil. However, by day 
seven the levels of respiration were the same for both the indigenous lake water 
microorganisms and where an additional soil community had been added.
2.3.4 A comparison of Biononex and Tween 80 affect on diesei 
degradation in the presence and absence of soil inocuium
In a separate experiment shown in Fig 2.6 it confirmed Biononex was utilised as a 
carbon substrate, the increase in carbon dioxide with Biononex added compared to 
lake water alone, were significantly different throughout the experiment (day 31 
f=0.008, highly significant). Tween 80 was also utilised as a carbon substrate by the 
indigenous microorganisms (very highly significant f=0).
Again, there was no significant difference (F>0.05) between the flasks containing 
diesel and Biononex and the treatments with diesel alone and Biononex alone by day 
31. The lake water plus diesel control compared to the addition of botli diesel and 
Tween 80 does show a significant difference throughout (day 31 P=0.011). However, 
the flasks containing diesel and Tween 80 compared with flasks containing Tween 80 
alone are not significantly different (P>0.05). This suggests the surfactants do not 
increase diesel degradation and Tween 80 is the preferxed substrate.
With regards to the two surfactants their affects are very similar. Taking into account 
the standard error Biononex and Tween 80 followed the same pattern and carbon 
dioxide production. In the presence of diesel it seems the carbon dioxide 
concentration decreased slightly when compared to the respective surfactants alone.
The treatments with diesel and the two surfactants. Tween 80 and Biononex were not 
significantly different. It was at day 31 that the diesel plus Biononex plus soil and its’ 
counterpart with Tween 80 became significantly different (f=0.03), with Tween 80
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giving the highest carbon dioxide reading. This suggests in order of preference Tween 
80, Biononex and diesel are utilised as carbon substrates.
2.3.5 The impact of cosubstrate addition on carbon dioxide evoiution in 
iake water
>
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-■— diesel A- ■ • Glucose-X— diesel+Glucose+SOIL
Fig 2.7. A graph to show glucose addition to lake water in the presence and absence of both 
diesel and hydrocarbon-polluted soil inoculum. Values represent the mean of three 
replicates. Error bars represent +/- standard error. All the treatment flasks contain lake 
water; the legend illustrates the additions that have been made (10,000 mg/l diesel; 4.5 mg/ml 
Glucose; 0.25 g hydrocarbon-polluted soil inoculum).
The addition of glucose (Fig 2.7) increased respiration of lake water microorganisms, 
which is to be expected as glucose is an easily metabolisable universal carbon 
substrate. The treatment with lake water, diesel and glucose showed higher 
respiration than of glucose in lake water alone, this increase in respiration was not 
statistically significant (P>0.05) however.
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Unfortunately, the en*or bars are very lai’ge in this data set. However, there were 
significant differences (P<0.05) between the control flasks (lake water and lake water 
plus diesel) and the treatment flasks containing: glucose; diesel plus soil; diesel plus 
glucose; diesel plus glucose plus soil, and significant differences (P<0.05) seen 
between treatments.
The presence of diesel, glucose and soil inoculum produced the highest carbon 
dioxide evolution. Compaied to diesel plus glucose this increase was significant only 
on day 31 where P<0.05. By day 21 diesel plus glucose plus soil was also 
significantly higher than glucose (P=0.031) alone and diesel plus soil (P=0.007). The 
glucose and soil inoculum together increased cai’bon dioxide production above that of 
them alone in the presence of diesel. This may be due to an increase in hydrocarbon 
metabolism but is more likely due to a cumulative effect of the soil microbes utilising 
the glucose as a substrate as well as the indigenous microbes.
2.3.6 The impact of nitrogen and phosphorus addition on hydrocarbon 
mineraiisation in iake water
Nitrogen (N) and phosphorus (P) addition had a positive effect on hydrocarbon 
mineralization illustrated in Fig 2.8. The control treatments; lake water and lake 
water plus diesel remained constant with a low carbon dioxide evolution 0.3% (v/v). 
The lake water plus N&P also remained low and constant and was not significantly 
different from the lake water or lake water plus diesel. This suggests nitrogen and 
phosphorus are not limiting in lake water, there is sufficient N&P present to support 
the mineralisation of existing carbon substiates. However, in the presence of 
hydrocai’bon and N&P a massive increase in carbon dioxide production to 5% (v/v) 
was evident (diesel plus N&P and diesel plus N&P plus soil were highly significantly 
(jP<0.01) different from all other flasks at day four onwards). When an additional 
carbon source is available nitiogen and phosphorus are the limiting factors.
The diesel plus soil treatment was significantly different ( f =0.039) from lake water at 
day seven. The additional microbial population increased respiration. The addition of 
the soil inoculum to the diesel plus N&P tieatment was not significantly different at 
day 14, 21 or 31 to the diesel plus N&P treatment. The additional microbial
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allochthonous community was not necessary to increase diesel degradation. The 
limiting factor was nitrogen and phosphorus.
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Fig 2.8. Nitrogen and phosphorus addition to lake water in the presence and absence of both 
diesel and hydrocarbon-polluted soil inoculum. Values represent the mean of three 
replicates. Error bars represent +/- standard error. All flasks contain lake water; the legend 
illustrates the addition to the lake water (10,000 mg/l diesel; 0.25 g hydrocarbon-polluted soil 
inoculum; N&P = 3.5 g/1 sodium nitrate and 5 g/1 potassium phosphate).
Fig 2.9 illustrates the data for the four bioremediation techniques; surfactant addition, 
cosubstrate stimulation, mixed microbial soil inoculation and N&P addition. Fig 2.9 
clearly shows the nitrogen and phosphorus addition has the largest and most 
considerable impact. The results for the addition of the two surfactants Tween 80 and 
Biononex, the addition of glucose and soil inoculation had similar trends. These 
treatments increased carbon dioxide production above that of controls from day two, 
peaked at day seven and then plateau for the remaining time. There were no 
significant differences (P>0.05) between the surfactant, glucose and inoculation 
treatments.
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Fig 2.9. A graph to compare the stimulation agents against each other on the mineralisation 
of diesel. Values represent the mean of three replicates. Error bars represent +/- standard 
error. All flasks contain lake water; the legend illustrates the additions to the lake water (4.5 
mg/ml glucose, 1% hydrocarbon-polluted soil inoculum, 1% Biononex and Tween 80, N&P =
3.5 g/1 sodium nitrate and 5 g/1 potassium phosphate).
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The N&P plus diesel and N&P plus diesel plus soil treatments increased respiration 
very highly significantly (P<0.001) above that of all other treatments. It was 
approximately five times that of the other stimulatory treatments and sixteen times 
above the controls. N&P addition followed the same pattern as the other treatments, 
started increasing at day two and peaked at day seven. However, rather than plateau 
after day seven the carbon dioxide concentration started to decrease slightly imtil day 
31.
The percentage carbon utilisation for the control treatments and the treatments with 
N&P added have been calculated. The treatments with Biononex, Tween 80 or 
glucose have not been estimated. The surfactants and glucose were sources of carbon 
along with the diesel. Results indicated that the surfactants and glucose were 
preferred substrates (compar ed to the diesel) for the microorganisms. These are all 
sour ces of car bon and the ratio at which the substrates were utilised cannot be 
determined. The source of carbon utilised in the treatments with more than one 
carbon sour ce present cannot be resolved and this could be miss-represented here.
This is an approximation and does not account for inefficiencies in the system, i.e., 
by-products, increasing biomass etc. But for this purpose an approximation is 
sufficient.
For each gram-mole of car bon consumed, one gram-mole of carbon dioxide will be 
produced. 1 mole of gas at STP (273.15 K and 1 atmosphere) occupies 22.4 litres, 
however at 25 °C the molar- volume is approximately 24.5 litres.
The carbon dioxide volume measured is converted to moles by:
Moles = Volume CO? (li
24.5 (1)
1 gram mole CO2 = 1 gram mole carbon consumed
The initial amount of carbon added to the flasks was 10,000 mg/l of diesel. Diesel is 
a mixtur e of hydrocarbons from Cg -  C25, the ratio of abtmdance of these compounds
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is a bell-shaped curve and for estimation pui*poses on average it is assumed the diesel 
is C15.
Cai'bon available in moles = mass (z)
Relative molecular mass
C l5 relative molecular mass =12x15
= 180
10,000 mg/l = 10,000 mg/l in 25 ml volume = 0.25 g, therefore:
0.25 = 0.0014 moles (1.4 mmoles)
180
Therefore, 1.4 mmoles is taken as the total moles of carbon added.
The moles of carbon dioxide produced were calculated and conected for the 
background value in the lake water. The moles of carbon dioxide produced were used 
to calculate the percentage of carbon utilised taking 1.4 mmoles as the total carbon 
substrate added to these treatments. The peak value of carbon dioxide at day 7 was 
taken for these calculations.
Treatment %C02
(v/v)
CO2 /I
(v/v)
CO2 /
mmoles
(v/v)
Adjusted for 
CO2 in lake 
water flasks
% carbon 
utilisation
Lake water 0,2024 0.0012 0.0496 0.0000
N&P 0.1741 0.0010 0.0426 -0.0069 -0.4959
Diesel 0.3355 0.0020 0.0822 0.0326 2.3284
Diesel + N&P 4.8096 0.0289 1.1779 1.1283 80.5926
Diesel + N&P + soil 5.2235 0.0313 1.2792 1.2297 87.8324
Table 2.1. Estimated percentage carbon utilisation for the N&P amended treatments (values 
taken from day 7 data). All treatments contained lake water. The additions to the lake water 
are illustrated in the table.
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A study with diesel at 10,000 mg/1 with a bacterial consortium degraded 97% of the 
diesel in 31 days (Eriksson et a l, 1998), this compaies very well with these results 
with the percentage carbon utilisation ranging from 80-88% in just 7 days.
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2 . 4  Discussion
There are foui’ main conclusions that can be drawn from the suiTactant study (i) diesel, 
Tween 80 and Biononex were used as cai'bon substrates by the indigenous lake water 
microorganisms, Ang and Abdul (1992) have shown indigenous microbes in soil and 
gi'ound water could degrade low levels of an alcohol ethoxylate surfactant (ii) the 
presence of both diesel and suifactant did not increase carbon dioxide concentrations 
above those produced by the substrates presented alone, therefore diesel degradation 
was not increased in the presence of Biononex or Tween 80 (iii) Concentrations of 1% 
or 2% Biononex in the presence of diesel had no significant difference (P>0.05) on 
carbon dioxide concentrations and (iv) hydrocarbon-polluted soil inoculum did not 
improve hydrocarbon degradation.
Cuny et al (1999) found Tween 80 in liquid culture with Sphingomonas sp. 2MPII 
increased the biodégradation of phenanthrene significantly. Noordman et al (2002) 
also used Tween 80 to improve hexadecane degradation by Pseudomonas aeruginosa. 
Tween 80 stimulated biodégradation of hexadecane above that of controls. There are 
many differences here; a non-sterile mixed microbial community with a mixed 
hydrocarbon substrate were used in the present study. The microorganisms used in 
the system may deteimine the positive or negative effect of the surfactant. A 
surfactant can affect different bacteria differently and unless the affect is positive 
overall, adding surfactant would not be of benefit. Guha and Jaffe (1996) used a 
mixed microbial population with Triton N101, Triton X I00 and Brij 35 on 
phenanthrene degr adation and found biodégradation was not improved. They also 
found these surfactants were not used as growth substrates. Marcoux et al (2000) 
used a mixed microbial consortium in two-liquid-phase (TLP) bioreactors, Triton X- 
100, witconol SN70 and Brij 35 had no affect on the PAHs pyrene, chrysene, 
benzol ajpyr’ene perylene degradation. Eriksson et al (1998) showed surfactants 
improved diesel degradation by a mixed microbial culture; in fact the surfactants 
increased the rate of diesel degradation above that of nutrient amended treatments, 
where 9700 mg/1 of the diesel was degraded in 14 days rather than 31 days with the 
addition of nutrients.
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Hydrocaihon degradation was not improved by the addition of glucose as a 
cosubstiate in this aqueous system. Previously, Yuan et al. (2000) showed addition of 
co-substrates increased phenanthiene degradation in basal medium witli a mixed 
culture isolated from petrochemical effluent. The co-substrates used included 
glucose, yeast extiact, acetate and pyruvate.
In the presence of a large car bon overload nitrogen and phosphorus soon become the 
limiting factors (Pritchard and Costa, 1991). Nitrogen and phosphorus are the 
limiting factors in this experimental system: diesel and non-sterile lake water in shake 
flasks. With the hydrocarbon as an additional carbon source not enough nitrogen or 
phosphorus was available in the lake water. These results come to a similar 
conclusion to that of Fedorak and Westlake (1981b) where under shake flask 
conditions of three different maiine environments the indigenous microorganisms 
extensively degraded both alkanes and aromatics in Prudhoe Bay crude oil when 
nitrogen and phosphoms were added in 27 days. Another similar* study by Fedorak 
and Westlake (1981a) used soil in culture medium spiked with Prudlioe Bay ci*ude oil. 
They found nitrogen and phosphorus addition vastly improved both aromatic and 
aliphatic hydrocarbon degradation over a 27-day period. Olivieri et al (1978) also 
showed di-potassium hydrogen phosphate and ammonium chloride salts to increase 
oil degradation in flask systems. However, Yuan et al (2000) tested the addition of a 
nitrogen source (2 g/1) on phenantlirene degradation. Neither ammonia chloride nor 
sodium nitrate had a significant affect on degradation. This may be due to nitrogen 
not being the limiting factor; ammonium chloride (2 g/1) was already present in the 
basal medium.
To conclude, addition of two sur factants, Tween 80 and Biononex, did not improve 
hydrocarbon utilisation and were in fact metabolised themselves. With mixed 
populations a whole range of interactions are in play. There is a range of methods for 
microorganisms to access hydr ocarbons, fr om direct adherence of the microbes to the 
hydrocarbon-water interfaces to biosurfactant-mediated micellar transfer (van Hamme 
and Ward, 2001). It is hardly surprising then that surfactants can have such a 
differing effect depending on the systems in use.
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Inoculation with a mixed soil microbial population did not increase diesel metabolism 
in this study. The indigenous microorganisms had the ability to metabolise diesel as a 
carbon substrate and were at appropriate numbers to achieve this, the microbial 
population was not the limiting factor. Vecchioli et al (1990) showed inoculation 
with thr ee mixed bacterial strains improved biodégradation of hydrocarbons; fertilizer 
addition did not (Vecchioli et a l, 1990). This inoculation may have been successful 
here because the microorganisms were isolated fr om the actual soil used in the study 
and were therefore indigenous. In other studies comparing biostimulation with 
microbial inoculation, they concluded biostimulation to be the most effective at 
hydrocarbon biodégradation (Venosa et a l, 1991; Leavitt and Brown, 1994; Thouand 
e ta l,  1999).
The presence of nitrogen and phosphorus in the form of sodium nitrate and potassium 
phosphate positively improved diesel degradation. The indigenous lake water 
microorganisms had the ability to degrade a mixed hydrocarbon substr*ate, in the 
presence of an additional carbon source nitr ogen and phosphorus ar e limiting.
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Chapter 3: Assessment of surfactants, 
nitrogen and phosphorus, glucose and soil-
inocuium on mixed hydrocarbon 
degradation in a non-sterile aqueous
system
3.1 introduction
In the last chapter a real environmental pollutant was chosen, diesel. Diesel contains 
a vast mixtur e of hydr ocarbons including aliphatics and polycyclic aromatic 
hydrocar bons. Due to diesels complexity in terms of chemical species, it is very 
difficult to measure quantitatively through gas chromatogram -  flame ionisation 
detector (GC-FID) analysis. The best analytical equipment to measure diesel 
quantitatively is GC-MS. Therefore, in the last chapter carbon dioxide measurements 
were used to assess the degradation of diesel.
Measuring carbon dioxide as the product of hydrocarbon degradation has advantages 
and limitations. It is not conclusive evidence that hydrocarbon has been mineralised, 
because carbon dioxide is produced thr ough microbial respiration irr espective of the 
substrate used. Using the appropriate control treatments to discount other sources of 
carbon dioxide can alleviate this problem i.e. lake water and lake water plus diesel
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when compared should indicate the respiration due to diesel rather than carbon 
substrates in the lake water. Hydiocarbon analysis is needed to prove conclusively 
that hydrocarbon has been utilised. On the other hand, carbon dioxide measurement 
is easily done and gas samples can be taken from the flasks without affecting any 
conditions and can be taken any time. For hydrocarbon analysis destructive sampling 
is needed, this limits the number of sampling time points possible. Carbon dioxide 
measui'ements have been used to assess hydrocarbon degradation in the literature 
(Whyte et a l, 1997; Suchanek et a l, 2000; Solano-Serena et a l, 2000a and b).
The carbon dioxide measurements ultimately need to be confirmed by hydrocarbon 
analysis. The complexity of diesel prevented its analysis using GC-FID. Diesel is 
composed of several hydrocarbon compounds i.e. alkanes C8-C25+, PAHs, 
isoprenoid alkanes. To quantitatively measure the decomposition of diesel more than 
30 standard curves for all the different compounds would be needed. Integration of 
the total peak area against the total diesel concentration was attempted but was 
unsuccessfully reproducible. Therefore, thi*ee TnodeF hydrocarbons were chosen, 
hexadecane, pristane and 1 -methylnaphthalene, an aliphatic, branched-aliphatic and 
aromatic respectively. The structures of hexadecane and pristane have been 
illustrated previously (section 1.3), the structure of 1-methylnaphthalene and 
hexamethylbenzene (the internal standard used in this study) are shown below.
CH
CH CH
CM CH
1 -methylnaphthalene Hexamethylbenzene
Fig 3.1. The chemical structure of 1-methylnaphthalene and hexamethylbenzene.
These hydr ocarbons were chosen because they are liquid at the same (ambient) 
temperature as petr ol, diesel and oil. Pristane is a C19 acyclic isoprenoid hydrocarbon 
(2, 6, 10, 14-tetramethylpentadecane), isoprenoid hydrocar bons are of particular 
interest as they are often used as relatively recalcitrant biomarkers of oil degradation
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(Grossi et a l, 2000). Biomai'ker compounds such as octadecane (C l8): phytane ratios 
are used to evaluate hydrocarbon metabolism (Baiba et a l, 1998b). However, 
phytane can undergo relatively rapid biotransformation (Grossi et a l, 2000) and 
degradation of octadecane is rapid so the octadecane:pytane ratio is only useful during 
early stages of bioremediation (Baiba et a l, 1998b). Naphthalene has been used 
extensively as a model PAH, it has two aromatic rings and is more easily degradable 
than the larger aromatics (Leblond et a l, 2001). 1-methylnaphthalene has been used 
in experiments (Leblond et a l, 2001; Stringfellow and Aitken, 1995). Hexadecane 
has also been used in studies as a model hydrocarbon (Ko and Lebeault, 1999; Coates 
et a l, 1997; Bruchon et a l, 1996; Barathi and Vasudevan, 2001). The combination of 
all three hydrocarbons; hexadecane, pristane and 1-methylnaphthalene have not been 
used before. Table 3.1 below lists their properties.
Chemical
Properties
Hexadecane Pristane
2,6,10,14- 
tetramethyl­
pentadecane
1-methylnaphthalene Hexamethylbenzene
Empirical formula C16H34 C19H40 CioHio C12H18
Molecular weight 226.24 268.50 142.20 162.28
CAS no. 544-76-3 1921-70-6 90-12-0 87-85-4
Melting point fC) 18.17 -22 164-166
Boiling point fC) 287 296 240 - 243 264
Density 0.773 0.785 1.001
Solubility (mg/l) 0.0036 1000 mg/l
State at room Liquid Liquid Liquid Solid
temp.
Toxicity Severe Harmful IrTitant, combustible May be harmful
irritant
Purity 99% 98% 95% 99%
Supplier Sigma Sigma Aldrich Aldrich
Table 3.1. The chemical properties for the hydrocarbons used In this study.
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The three hydrocarbons were added as a mixture in the same system as in Chapter 2 to 
confirm the carbon dioxide results. Slightly different treatments were constructed.
The control lake water plus all three hydrocarbons was still required. N&P and 
Biononex addition was assessed again and then a sequential addition of all the 
additives. A second set of the ten total treatments was set-up with sterile lake water to 
confirm which set of microorganisms was responsible for the carbon dioxide 
production in Chapter 2, the lake water microorganisms or the soil inoculum 
microbial community. Glucose, biomass and hydiocarbon analysis were earned out.
A subsequent experiment was conducted to repeat the treatment scenarios, however 
foam bungs were used instead of the rubber bungs (used in previous experiments) to 
allow full gaseous exchange.
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3 . 2  Materials and methods
3.2.1 Chemicals and reagents
The chemicals were from Sigma Aldrich chemical company (unless otherwise stated), 
including all the hydrocarbons: hexadecane, pristane, 1-methylnaphthalene and 
hexamethylbenzene. All chemicals and reagents were of the highest purity and 
quality. The hexane used was GC grade (Fisher Chemicals).
3.2.2 Soil and water samples
The soil inoculum used in the study was the same as in Chapter 2, the details on soil 
collection and inoculation are described in section 2.2.2.
The lake water samples were collected on the day of the experiment in 500 ml Duran 
bottles. The water was distributed in 16-24 ml aliquots into 250 ml Erlenmeyer 
flasks. For the sterile lake water treatments these flasks were autoclaved.
3.2.3 The experimental system
250 ml Erlynmer flasks containing 25 ml total volume of media were incubated at 25 
°C for 14 days on an MKV Orbital Shaker (L.H. Engineering Company Limited) set 
at approximately 220 rpm. The flasks were adjusted to pH 7.0 using autoclave 
sterilised 1 M NaOH by previously checking with (discaided) treatment flasks the 
amount to add using a Griffin pH meter model 80. The flasks were sealed with a 
rubber bung and using the system that has previously been described in section 2.2.3.
3.2.4 Experimental treatments
10,000 mg/l each of filter sterilised (0.45 pm Microstart filter) hexadecane, 1- 
methylnaphthalene and pristane were added to the appropriate flasks. 250 pi of 
Biononex was added to certain flasks, sterilised by autoclaving, NaNOs (3.5 g/1), 
KH2PO4 (5 g/1) and D-glucose (4.5 g/1) were autoclaved and added to appropriate 
flasks at the final concentrations shown in brackets. The lake water was added to all 
flasks to make a final volume of 25 ml. Ten different treatments were considered, one 
set with sterile lake water and the other set with non-sterile lake water. The number 
of control treatments were reduced as actual hydrocarbon analysis was caiTied out.
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3.2.5 Hydrocarbon analysis
Destructive sampling was essential as the hydrocarbons do not evenly distribute in 
the water systems as they are insoluble. Taking a ‘sample’ amount was not 
reproducible. For each time point hydrocarbon analysis was cariied out (day 0, 4 and 
14), a whole set of flasks had to be set-up and sacrificed. Once the carbon dioxide, 
glucose and biomass assays had been carried out, the remaining flask contents (~24 
ml) were transferred to a 50 ml centrifuge tube. The flasks were rinsed with 10 ml 
hexane and this hexane was added to the aqueous media in the centrifuge tubes. The 
tubes were then mixed on a shaker at -220 rpm overnight. The samples were 
centrifuged for 10 mins at 3000 rpm on a Labofuge 400 centrifuge. The upper 
hexane layer was removed and put in glass Universal bottles and the hexane was 
evaporated overnight in a firme hood. The samples were then re-dissolved in 400 pi 
hexane and 100 pi internal standard.
1 pi was injected on to a Hewlett-Packard 5890A Gas Chromatograph fitted with a 
Flame Ionisation Detector (FID), with a Hewlett-Packard Integrator 3396A. The 
carrier gas was helium. The column was a hrsed silica, non-polar BPl column, and 
of length 25 m with an i.d. of 0.22 mm. All the injectors and detectors were set at 
250 °C. The temperature programme used was 200 °C for 13 mins.
3.2.5.1 Internal standard
The internal standard used throughout this study was hexamethylbenzene. It was 
chosen because its’ retention time was in the region of the test compounds and gave 
good separation. A 2000 mg/l concentration of hexamethylbenzene in hexane 
solution was used here.
3.2.5 2 Hydrocarbon standard curves
Standard curves for hexadecane, pristane and 1-methylnaphthalene were constructed 
separately in hexane and the concentration plotted against peak area ratio (peak area 
of hydrocarbon divided by the peak area of the internal standard) in Fig 3.6, 3.7 and
3.8. These were the standard curves used to calculate the unknown hydrocarbon 
concentrations in the treatment flasks.
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A separate experiment was canied out under slightly different conditions. The same 
tr eatments were used, however a separate set of tr eatments with sterile lake water 
was not included. The flasks were stoppered with foam bungs instead of rubber to 
allow full gaseous exchange. Hydrocarbon analysis was undertaken. Here, the 
standar ds were extracted fr om water and t^ e n  thr ough the same extraction procedure 
as the treatment flasks (Fig 3.11, 3.12 and 3.13). The extraction method was exactly 
the same as stated above however, at the last stage of re-dissolving the extractants, 
1ml of 5000 mg/l hexamethylbenzene (hmb) solution (5 g/1 hmb in hexane) was used.
3.2.6 Glucose estimations
Selected treatments were tested for glucose concentrations using Glucose 
(TRINDER) assay from Sigma. The glucose (TRINDER) reagent was added to 100 
ml R. O. water in a coloured glass bottle and stored at 4 °C. The reagent was allowed 
to come to room temperature before use. Instructions were followed according to the 
manufactmers’ guidelines. 1ml TRINDER reagent was added to cuvettes and 5 pi of 
sample added, along with appropriate standards and blank (5 pi R.O. water). The 
samples were mixed by gentle inversion and incubated at room temperature for 
exactly 18 mins. The absorbance of the samples was read at 505 nm using a 
specti'ophotometer.
The principle of the assay is based on the following reaction:
Glucose oxidase
Glucose + H2O + O2 ^ Gluconic acid + H2O2
H2O2 + 4-aminoantipyridine + p-hydroxybenzene sulphonate
^ Quinoneimine dye + H2OPeroxidase
Glucose is oxidised by glucose oxidase to gluconic acid and hydrogen peroxide, the 
hydrogen peroxide then reacts with 4-aminoantipyridine and y?-hydroxybenzene 
suphonate, in the presence of horse-radish peroxidase a dye is formed, with a 
maximum absorbance at 505 nm. The intensity of the coloui’ is directly proportional 
to the glucose concentration in the sample.
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3.2.7 Microbial activity estimations
Microbial activity was measmed by the fluorescein diacetate esterase activity assay 
(FDA). 1 ml of sample was taken from each flask and added to 4 ml 0.2 M 
potassium phosphate buffer in centiifuge tubes. 2 pi of FDA solution (2 g/1 in 
acetone) was added and the tubes shaken on an orbital shaker for 2 hours at 220 rpm 
at 25 °C. 5 ml acetone was then added to the tubes to stop the reaction. The tubes 
were centrifuged at 3000 rpm for 10 mins. 1 ml was put in a 1.5 ml cuvette and 
optical density was measured at 490 nm on a spectrophotometer (Unicam). The 
blank used was MilliQ water. Fluorescein diacetate is non-fluorescing, in the 
presence of esterases and proteases from microbial cells the fluorescein diacetate is 
hydrolysed into fluorescein with an absorbance maximum at 490 nm. The intensity 
of the colour is directly proportional to the cellular* activity in the sample.
118
______________________________________________________________ Chapter 3
3.3 Results
3.3.1 Glucose assay
The standard curve constmcted using standai*d glucose preparations is illustrated in 
Fig 3.2.
= 0.9990.69
0.59
0.49
0.39
0.29
0.19
0.09
- 0.01
Glucose cone, (mg/ml)
Fig 3.2. An example of a glucose assay standard curve. For each time point a standard 
curve was constructed and used to calculate the glucose concentration.
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0 Time (days)
■ Hydrocarbon+N&P+glucose
■ Hydrocarbon+N&P+glucose (sterile)
■ Hydrocarbon+N&P+glucose+soil
■ Hydrocarbon+N&P+glucose+soil (sterile lake water)
■ Hydrocarbon+N&P+glucose+soil+biononex
_______M  Hydrocarbon+N&P+glucose+soil+biononex (sterile lake water)_______
Fig 3.3. Glucose concentrations In the treatments with glucose added. The values have 
been corrected for hydrocarbon interference and background glucose levels by subtracting 
the control (lake water plus hydrocarbon) absorbance values. Values are the mean of 
triplicate samples and error bars Indicate +/- standard error of the mean. All treatments 
contain lake water, the legend indicates the additions (hydrocarbon = 10,000 mg/l each of 
hexadecane, pristane and 1-methylnaphthalene; N&P = 3.5 g/1 sodium nitrate and 5 g/1 
potassium phosphate; 4.5 mg/ml glucose; 1% Biononex; 0.25 g hydrocarbon-polluted soil 
Inoculum).
The glucose assay results (Fig 3.3.) confirmed the initial glucose concentration of 4.5 
mg/ml. All the treatments with glucose showed a concentration of 4.5 mg/ml of 
glucose (+/- 0.7) at time 0. By day 4 the glucose concentration in the non-sterile 
treatments had greatly reduced indicating its’ utilisation as a carbon substrate. The 
sterile lake water treatment that did not have soil inoculum added (sterile lake water + 
hydrocarbon + N&P + glucose) glucose concentration remained at the initial 
concentration suggesting the flasks were still sterile and no microorganisms were 
present to utilise the glucose. The sterile lake water treatments with soil inoculum 
added utilised glucose as a carbon substrate, the difference between the two sterile 
lake water treatments with soil inoculum was the presence and absence of Biononex.
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The treatment flasks containing Biononex and glucose had a reduced utilisation o f  
glucose compared to treatments without Biononex present, this may suggest the 
Biononex was being used as a carbon source as well as the glucose. This agrees with 
the results in the previous chapter. The more extensive glucose utilisation was seen 
with non-sterile lake water, with both lake water microorganisms and soil microbes 
present. This is as expected as a higher number o f  microorganisms are present. The 
glucose has been utilised in the treatments with microorganisms present.
3.3.2 Microbial activity assay
0 .2 4
0 .1 9
I 0 .1 4.E«
ê -  0 .0 9  §
0 .0 4
- 0.01
Time (days)
16
-*—  Lake vwiter 
N&P
-m— hydrocarbon+N&P
-H—  hydrocarbon+biononex+soil
-©— hydrocarbon+N&P+glucose+soil
-#— hydrocarbon 
-X—  biononex 
-#— hydrocarbon+biononex 
-■— hydrocarbon+N&P+glucose 
♦  hydrocarbon+N&P+glucose+soil+biononex
Fig 3.4. Microbial activity assay estimations of treatments with sterile lake water. Data points 
are means of the three replicate treatments and the error bars represent +/- standard error of 
the mean. All treatments contain lake water, the legend illustrates the additions (hydrocarbon 
= 10,000 mg/l each of hexadecane, pristane and 1-methylnaphthalene: N&P = 3.5 g/1 sodium 
nitrate and 5 g/1 potassium phosphate; 4.5 mg/ml glucose; 250 pi Biononex; 0.25 g 
hydrocarbon-polluted soil inoculum).
The biomass fluorescein diacetate esterase activity assay (FDA) also gave expected 
results. In the sterile set o f  treatments (Fig 3.4), i.e. the only microorganisms present 
are the ones introduced by soil inoculation, the three treatments with soil added have 
an increased FDA activity above all the other treatments, which all remain at a very 
low activity consistently for the 14 day study.
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Fig 3.5. Microbial activity estimations of treatments with non-sterile lake water. The data 
values are the average of triplicate flasks and the error bars represent +/- standard error of 
the mean. All treatments contain lake water. The legend indicates the additions 
((hydrocarbon = 10,000 mg/l each of hexadecane, pristane and 1-methylnaphthalene; N&P =
3.5 g/1 sodium nitrate and 5 g/1 potassium phosphate; 4.5 mg/ml glucose; 250 pi Biononex; 
0.25 g hydrocarbon-polluted soil inoculum).
In the non-sterile lake water treatments (Fig 3.5), the flask containing all the 
additions: hydrocarbons, N&P, glucose, soil and Biononex gives the highest FDA 
activity unsurprisingly. Treatments hydrocarbon+N&P+glucose+soil and 
hydrocarbon+N&P +glucose have an increased FDA activity, along with lake 
water+hydrocarbon+biononex. The increase in activity above controls in the 
treatments with soil inoculum is most likely due to the additional soil microbial load. 
In the non-sterile hydrocarbon+N&P+glucose treatment and hydrocarbon+biononex 
flask the microbial activity is above that of the controls as well as the sterile 
counterparts in Fig 3.4. This suggests that microbial growth has occurred, utilising 
either hydrocarbons or Biononex or glucose as the carbon substrates. It is more 
probable the carbon substrates used are glucose and Biononex as the hydrocarbon 
analysis results indicate the hydrocarbons have not been degraded, glucose utilisation 
was shown in the glucose assay and Biononex metabolism was seen in chapter 2.
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3.3.3 Hydrocarbon analysis results
3.3.3.1 Standard curves for the three hydrocarbons used in the study
= 0.9983350
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Fig 3.6. Standard curve of peak area ratio against known concentrations of hexadecane in 
hexane.
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Fig 3.7. Standard curve of peak area ratio against known concentrations of 1- 
methylnaphthalene in hexane.
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Fig 3.8. Standard curve of peak area ratio against known concentrations of pristane in 
hexane.
The three standard curves illustrated in Fig 3.6, 3.7 and 3.8 were shown to illustrate 
the method was suitable. Where hydrocarbon was not added the flasks did not 
contain hexadecane, pristane or 1-methlynaphthalene. Treatments with Biononex 
caused difficulties with the hexane extraction procedure. A middle foam layer was 
formed between the lower aqueous and upper hexane layer, in fact the upper hexane 
layer was depleted in volume and in some cases not even visible in the presence of 
Biononex. This caused problems with the extraction and the results were dubious. 
The extraction efficiency in the presence of Biononex decreased to approximately 
10% at day 0. With this low level of extraction and inconsistency the hydrocarbon 
analysis results for the treatments containing Biononex have not been included or 
considered. Therefore, the graphs below show the hydrocarbon analysis results of the 
treatments without Biononex.
All thr ee hydrocarbons were added to flasks at a concentration of 10,000 mg/l each, 
this gives a concentration total of 30,000 mg/l. The results have been illustrated with 
each hydrocarbon on a separate graph but they were all present together.
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3.3.3 2 Hydrocarbon analysis results for the treatment flasks
■§ 100 
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Fig 3.9. The percentage of hexadecane remaining in the treatment flasks. All treatments 
contain lake water, the legend indicates the additives (hydrocarbon = 10,000 mg/l each of 
hexadecane, pristane and 1-methylnaphthalene; N&P = 3.5 g/1 sodium nitrate and 5 g/1 
potassium phosphate; 4.5 mg/ml glucose; 1% Biononex; 0.25 g hydrocarbon-polluted soil 
inoculum).Each data point represents the mean (n=3), error bars indicate +/- standard error of 
the mean.
It is evident from Fig 3.9 that no hexadecane utilisation was seen in the treatment 
flasks and there were no significant differences (P>0.05) between any of the 
treatments.
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Fig 3.10. The concentration of pristane in the treatment flasks shown as a percentage of the 
amount added. Each data point represents the mean (n=3), error bars indicate the standard 
error. All treatments contained lake water, the legend indicates the compounds added 
(hydrocarbon = 10,000 mg/l each of hexadecane, pristane and 1-methylnaphthalene: N&P =
3.5 g/1 sodium nitrate and 5 g/1 potassium phosphate; 4.5 mg/ml glucose; 1% Biononex; 0.25 
g hydrocarbon-polluted soil inoculum).
It is evident from Fig 3.10 that pristane was not metabolised or lost in any of the 
treatment flasks. The error bars are large and there are no significant differences 
(P>0.05) between the treatments. Treatments containing hydrocarbon had a higher 
FDA activity than control treatments. However, treatments with increased microbial 
activity also contained Biononex and/or glucose as well as hydrocarbon, therefore the 
increase in activity can be attributed to Biononex or glucose metabolism rather than 
hydrocarbon utilisation. Considering the hydrocarbon analysis results the increase in 
FDA activity is most likely due to Biononex and/or glucose oxidation.
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Fig 3.11. The concentration of 1-methylnaphthalene in the treatment flasks shown as a 
percentage of the amount added. Each data point represents the mean (n=3), error bars 
indicate the standard error. All treatments contained lake water, the legend indicates the 
compounds added (hydrocarbon = 10,000 mg/l each of hexadecane, pristane and 1- 
methylnaphthalene; N&P = 3.5 g/1 sodium nitrate and 5 g/1 potassium phosphate; 4.5 mg/ml 
glucose; 1% Biononex; 0.25 g hydrocarbon-polluted soil inoculum).
Fig 3.11 indicates 1-methylnaphthalene was not utilised in the treatment flasks. 
Unfortunately, the error bars are large and no significant differences (P>0.05) were 
evident. The hydrocarbon analysis data is disappointing. The extraction efficiency 
ranged from 50-105%. The extraction of 1 -methylnaphthalene was not as efficient or 
consistent as the other hydrocarbons; pristane and hexadecane. From looking at Fig
3.9, 3.10 and 3.11 the 1-methylnaphthalene, pristane, and hexadecane concentrations 
remained the same throughout the 14-day period in all the treatments, no hydrocarbon
127
_______________________________________________________________Chapter 3
biodégr adation was seen. As previously mentioned, the Biononex caused great 
problems with the extraction procedure.
3.3.4 Subsequent repeat experiment results
The experiment was repeated to try and show hydrocarbon degradation conclusively 
and confrnn the data obtained in Chapter 2.
3.3.4.1 Hydrocarbon standard curves
The standar d curves constructed for this experiment for each hydrocarbon 1- 
methylnaphthalene (Fig 3.12), hexadecane (Fig 3.13) and pristane (Fig 3.14) have 
been illustrated here. This is to show the methods used for hydrocarbon analysis and 
extraction from water were sound and gave reproducible results.
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Fig 3.12. Standard curve for 1-methylnaphthalene extracted from water samples. Each data 
point Is the mean (n=3) and the error bars represent +/- standard error of the mean.
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Fig 3.13. Standard curve for hexadecane extracted from water samples. Each data point is 
the mean (n=3) and the error bars represent +/- standard error of the mean.
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Fig 3.14. Standard curve for pristane extracted from water samples. Each data point Is the 
mean (n=3) and the error bars represent +/- standard error of the mean.
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3.3.4 2 Hydrocarbon analysis results
In this separate experiment the same treatments were assessed but over a longer time 
period (24 days instead of 14 days). The flasks were sealed with foam bungs, which 
allowed gaseous exchange. All treatments containing the three hydrocarbons have 
been illustrated in the graphs below. The Biononex containing treatments have also 
been included to show the low extraction efficiency at day 0.
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□  hydrocarbon+N&P
□  hydrocarbon+biononex+soil
□  hydrocarbon+N&P+glucose+soil
Fig 3.15. 1-methylnaphthalene concentration in treatment flasks. The data points are means 
of three replicates and the error bars indicate standard error. All treatments contain lake 
water, legend shows the additions (hydrocarbon = 10,000 mg/l each of hexadecane, pristane 
and 1-methylnaphthalene: N&P = 3.5 g/1 sodium nitrate and 5 g/1 potassium phosphate; 4.5 
mg/ml glucose; 1% Biononex; 0.25 g hydrocarbon-polluted soil inoculum).
1-methynaphthalene concentration shown in Fig 3.15 illustrates that all treatments 
saw an almost complete removal of 1 -methylnaphthalene. There were no significant 
differences (P>0.05) between any of the treatments including the lake water plus 
hydrocarbon control.
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Fig 3.16. Hexadecane concentration in treatment flasks. The data points are means of three 
replicates and the error bars indicate standard error. All flasks contained lake water, the 
legend shows the compounds added (hydrocarbon = 10,000 mg/l each of 1- 
methylnaphthalene, hexadecane and pristane, N&P = sodium nitrate (3.5 g/1) and potassium 
phosphate (5 g/1); 1% Biononex; 0.25 g hydrocarbon polluted soil; 4.5 mg/ml glucose).
Fig 3.16 shows in all treatments, hexadecane concentration decreased drastically. 
There were no significant differences (P>0.05) between the treatments including the 
control flasks.
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Fig 3.17. Pristane concentration in treatment flasks. The data points are means of three 
replicates and the error bars indicate standard error. All flasks contained lake water, the 
additives are illustrated in the legend (hydrocarbon = 10,000 mg/l each of hexadecane, 
pristane and 1-methylnaphthalene; N&P = 3.5 g/l sodium nitrate and 5 g/l potassium 
phosphate; 4.5 mg/ml glucose; 1% Biononex; 0.25 g hydrocarbon-polluted soil inoculum).
A slightly different extraction method was used in this experiment (described in 
3.2.5.2) and more importantly the standards used to calculate the unknown 
concentrations in the flasks were extracted from water (rather than in hexane) and 
gave very good standard curves (Fig 3.12, 3.13 and 3.14), proving the method 
worked. Again, the presence of Biononex caused problems with the extraction and 
gave very low initial hydrocarbon concentrations (Fig 3.15, 3.16 and 3.17). Biononex 
is a surfactant which therefore caused an emulsion at the aqueous/solvent interface 
resulting in the hexane fraction disappearance, replaced with a white foam. All three 
hydrocarbon concentrations decreased significantly by day 24. Unfortunately, this 
included the control treatment lake water plus hydrocarbon and a sterile lake water 
plus hydrocarbon control, which by day 24 had the concentrations shown in Table 3.2.
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Hydrocarbon concentration (ppm)
Treatment 1-methylnaphthalene Hexadecane Pristane
Lake water plus hydrocai'bon 235 1648 1416
39 3 6
Hydrocarbon+N&P 37 44 1097
69 165 128
Hydrocarbon+N &P+glucose 3 390 379
56 80 61
Hydrocarbon+N&P+glucose+soil -105 -218 -202
0 1 149
Lake water plus hydrocarbon (sterile) -66 1335 1159
20 80 71
Table 3.2. A comparison of the mean hydrocarbon concentrations (n=3) at day 24 in the 
different treatments (starting concentration 10,000 mg/l of each hydrocarbon). Standard error 
is shown in red.
Statistical analysis was carried out on the values in Table 3.2. Treatments containing 
Biononex have not been compared because the Biononex interfered with the 
extraction and the results cannot be relied upon. The hydrocarbon concentration in 
the lake water plus hydrocarbon treatments were significantly higher (P<0.05) than all 
the other treatments in Table 3.2. The other treatments were not significantly 
different (P>0.05) from each other. However, the loss of hydrocarbons in the sterile 
lake water plus hydrocarbon control was not significantly different (P>0.05) from the 
treatment flasks, this indicates the loss of hydrocarbons seen is due to evaporative and 
abiotic losses rather than biotic.
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3.4 Discussion
The hydrocai'bon extraction and analysis method was improved in the latter 
experiment in this chapter. A reduction in standard error is evident in section 3.3.4 
compared to section 3.3.3. This is due to the standards being extracted from water 
and calculating the unknown concentrations fr om these standards. Whereas, the 
standards in section 3.3.3 were presented in hexane and were not extracted from the 
same matrix as was present in the experimental flasks. The presence of Biononex in 
the treatment flasks had a very negative affect on hexane extraction. The surfactant 
formed an emulsion at the water/hexane interface resulting in the complete removal of 
the hexane layer so the hexane layer could not be taken.
Hydrocar bon degradation of 1-methylnaphthalene, hexadecane and pristane was not 
seen in the initial experiment, however in the second experiment nearly complete 
removal of the three hydrocarbons was seen. The decrease in hydrocarbon 
concentration seen in the second experiment was due to evaporative losses rather than 
biodégradation by microorganisms due to the use of foam bungs in this second 
experiment (rubber bungs were used in the first). The constant shaking at 220 rpm is 
more than likely the cause for the evaporative hydrocarbon losses. Aeration or air 
sparging is a well known technique used in bioremediation (Hoff, 1993; Baiba et a i, 
1998b). Perhaps this is an option for interceptors. Glucose utilisation was shown in 
non-sterile treatments and microbial activity increased in appropriate treatments. 
Unfortunately the effect of nitrogen and phosphorus on the system was not evident 
with hydrocarbon analysis and the impact of N&P in chapter 2 was not repeated here.
These experiments show the hydrocarbons loss was due to evaporation and not by 
biodégradation. In the first experiment where evaporation was not possible because 
of the rubber bungs no hydrocarbon loss was evident, whereas in the second 
experiment foam bungs were used which allowed evaporation. The loss of 
hydrocarbons in the sterile control as well as the inoculated treatments suggests the 
decrease in hydrocarbon concentration was not due to microbial utilisation of the 
substrates.
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These results are different from the previous chapter. In Chapter two, hydrocarbon 
degradation was evident in lake water with the addition of N&P, nitrogen and 
phosphorus were the limiting factor. The difference between the experiments in this 
chapter and the previous is the source of hydrocarbons. In Chapter two, diesel was 
the hydrocarbon, in this chapter a mixture of 1-methylnaphthalene, hexadecane and 
pristane was used. Possibly the reason for not observing similar results to the last 
chapter is the hydrocarbon substrates could not be metabolised by the lake water and 
soil microorganisms. With diesel a complete spectrum of hydrocarbons ar e available 
for the microbes to utilise. With the carbon dioxide measurements it is not possible to 
determine which hydrocarbons were metabolised, perhaps the increase in respiration 
was due to hydrocarbons other than 1-methylnaphthalene, pristane or hexadecane.
The microorganism can exhibit stress which also causes an increase in respiration 
which may be another explanation for seeing an increase in carbon dioxide evolution 
in the last chapter and no hydrocarbon biodégradation in this chapter. The chemical 
composition of crude oil has a maiked effect on it biodegiadability, and depending on 
the proportions of the components, the substrate will be more or less susceptible to 
biodégradation (Atlas et a l, 1980). A petroleum hydiocaibon mixtme has a multitude 
of primaiy substrates and provides an excellent chemical environment where co­
oxidation can occur" (Eriksson et a l, 1999). The presence of certain hydrocarbons can 
influence the metabolism of others (Burback and PerTy, 1993). Looking through table
1.2 and to the best of my knowledge, a distinct mixture of a PAH, an alkane and a 
branched-alkane have not been used together before. Mixtures of PAHs (Stringfellow 
and Aitken, 1995), alkanes and PAHs (Whyte et a l, 1997), pristane, alkenes and 
alkanes (Grossi et a l, 200) have been investigated and biodégradation successfully 
shown. Crude oil (Nwachukwu, 2001) and diesel (Eriksson et a l, 1998) have been 
used as mixed substrates. Loose compar isons can be made, but it must be 
remembered that some studies were carried out in soil, others in water, some with 
mixed microbial populations and others with single strains; there are differences 
between systems and this needs to be considered. In this system, the three single 
hydrocarbons mixed together inhibited their metabolism.
In the next chapter, known hydrocarbon degraders that have been shown to utilise at 
least one of the hydrocarbons in the mixture, are used to assess whether it was the
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microbes substrate preference that was causing a lack of degradation . The 
concentration of the hydrocarbons was also reduced to assess whether the 
concentr ation was inhibitory, a high concentration of one hydrocarbon; i.e. 1- 
methylnaphthalene may have been inhibitory, or the sum of the hydr o caihon 
concentrations in these later experiments (30,000 mg/l) was too high. The amount of 
biomass necessary to metabolise this level of carbon substrate is 63.9mg biomass 
(assuming a 10% efficiency of converting car bon to biomass). A large number of 
microorganisms would be necessary to metabolise even a small portion of the carbon 
substr ate available, this amount of biomass was not provided and perhaps not enough 
time was given to allow this amount of biomass to establish.
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Chapter 4: Comparison of mixed 
microbial population performance 
compared to single strains on hydrocarbon 
degradation
4.1 Introduction
The addition of microorganisms in bioaugmentation of contaminated situations has 
been investigated in the laboratory (Bruchon et al., 1996; Cuny et al., 1999; Leblond 
et a l, 2001) în-situ (Pritchard and Costa, 1991) and ex-situ (Fayad et a l, 1992; Oh et 
a l, 2001). Other studies have relied on the indigenous microorganisms to metabolise 
the contaminant (Mana Capelli et a l, 2001; Eriksson et a l, 1999). The outcome of 
adding an external microbial source has been mixed, at the Exxon Valdez oil spill 
microbial inoculation was not needed and stimulation of the indigenous 
microorganisms by fertilisers was the preferred method (Bragg et a l, 1994b). In the 
Kuwaiti desert after the Gulf Wai' it was found the indigenous microbial load of oil- 
degraders was sufficient for biodégradation (Radwan et a l, 1995). In a study by 
Baiba et a l (1998b) two bacterial cultures and white rot fungus {Phanerochaete 
chrysosporium) were immobilised on woodchips and cardboard and used as an 
inoculant in three bioremediation techniques. Over a period of 12 months, 
landfarming, windrow composting piles and static bioventing piles were monitored. 
All three treatments gave a decrease in oil concentration compared to contiols.
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Whether this was due to the inoculation or the addition of fertiliser was not 
deteimined (Baiba et a l, 1998b). Microbial inoculation is site and system specific 
and therefore it was decided to investigate the addition of different microbial strains, a 
mixed population and an environmental mixed soil population in this specific instance 
in an aqueous media with a mixed hydrocarbon substrate as the only caihon source.
Six different microorganisms were tested individually along with hydrocarbon- 
polluted soil as an inoculum and a consortium of the six strains together, for the 
ability to degrade the aliphatic, branched-aliphatic and aiomatic hydrocarbons as a 
mixtuie. Thiee of the microorganisms investigated in this chapter were unknown 
isolated strains from hydrocarbon-polluted soil. Mycobacterium sp., Pseudomonas 
putida and P. chrysosporium were included as positive contiols as the literature 
indicates their ability to degrade at least one of the hydrocaihons used in the study. 
The reference given for Mycobacterium strain NCIMB 10403, carried out a study on 
upland mooreland soil at different depths. The Mycobacterium sp. strain isolated was 
capable of oxidising «-octane, «-dodecane and «-hexadecane (Jones and Edington, 
1968). Pseudomonas sp. has been shown to degrade alkanes (Whyte et a l, 1997), 
naphthalene (Whyte et a l, 1997), 2-methylnaphthalene (Leblond et a/., 1991), 1- 
methylnaphthalene (Leblond et a l, 1991), fluorene, phenanthrene (Sanseverino et a l, 
1993) and salicylate (Grimm et a l, 1997). P. chrysosporium has been shown to 
degrade phenanthrene (Sutherland et a l, 1991) and reduce total petroleum 
hydrocarbons (TPH) (Yateem et a l, 1998).In this chapter, the selected 
microorganisms are grown on hydrocarbon agai* plates where the individual 
hydrocarbon is the only carbon source, along with appropriate controls. In flask 
experiments the microbes were then assessed for their ability to degrade 10,000 mg/l 
each of 1-methylnaphthalene, pristane and hexadecane as a mixture. It was thought 
that perhaps this concentr ation was too toxic or that any reduction in concentration 
was negligible compared to the large initial amount, so the experiment was repeated 
with 1000 mg/l of each hydrocarbon with Mycobacterium sp., P. putida and P. 
chrysosporium. The experimental conditions were also adjusted to evaluate whether 
the lack of degradation was due to the experimental system rather than the 
microorganisms, P. chrysosporium was used for this study.
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4 . 2  Materials and methods
4.2.1 Sources of microorganisms
4.2.1.1 Positive controls
Isolate name 
and no.
Species Preferred culture 
medium and growth 
temp CQ
Source
NCIMB 10432 Psuedomonas
putida
Nutrient agar (25 °C) NCIMB culture 
collection
NCIMB 10403 Mycobacterium sp. Nutrient agar- (25 °C) NCIMB culture 
collection
IMI 232175 Phanerochaete Malt extract agar CABI Biosciences
chrysosporium (25 °C) culture collection
Table 4.1. Microorganisms used In these studies as positive controls.
4.2.1.2 Isolated microorganisms from soil
Isolate name 
and no.
Species Preferred culture 
medium and growth 
temp CQ
Source
FAL Soil fungus Malt extract agar Hydrocarbon
(Black) (20 °C) polluted dyke. Port 
Authority
LFA D3 Cl Soil bacterium, 
white round 
colony.
Nutrient agar (25 °C) Oil refinery land 
farm, Southampton
LFC D1 FI Soil bacterium, 
small white raised 
round colony.
Nutrient agar (25 °C) Oil refinery land 
farm, Southampton
Table 4.2. Microorganisms used in these studies isolated from soil.
Hydrocarbon degr ading microorganisms were isolated from hydrocarbon polluted soil 
samples by using hydrocarbon emichment media. The soil samples either came from
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a land farm on an oil refinery used for disposal of tank-bottom sludge, or from a 
hydrocarbon-polluted dyke on a Port authorities premises.
Four replicates of each hydrocarbon polluted soil sample were emiched in 
hydrocarbon emichment media. Flasks were inoculated with 2 g of the soil and 
incubated at 25 °C and shaken continuously at 220 ipm for up to 4 weeks. The media 
in the flasks consisted of fom* constituents; (i) sodium nitrate (3.5 g/l), (ii) potassium 
phosphate (5 g/l), (iii) 10,000 mg/l of 0.45 pm filtered hydrocarbon source (diesel, 
unleaded petrol, and leaded petr ol, in a 1:1:1 ratio) and (iv) mineral salts consisting of 
magnesium sulphate (0.5 g/l), calcium chloride (0.1 g/l), ferric citrate (0.1 g/l), 
ZnS04.7H20 (0.05 g/l), MnCl2.4H20 (0.05 g/l), CUCI2.2H2O (0.005 g/l), 
Na2Mo04.2H20 (0.005 g/l), Na2B4O7.10H2O (0.002 g/l), C0CI2.6H2O (0.0002 g/l), 
citric acid (0.756 g/l), NaOH (0.432 g/l), final concentration shown in brackets (as 
stated in Lynch and Harper, 1974). Constituents (i), (ii) and (iv) were sterilized by 
autoclaving separately and (iii) the hydrocarbons were sterilised by filtering with a 
0.45 pm Sartorius rninisart syringe filter. The four constituents were added together 
aseptically to give a total volume of 50 ml. Samples (0.5 ml) of the inoculated 
enrichment media were taken at regular* intervals for 1 -2  weeks, serially diluted and 
100 pi aliquots spread-plated onto nutrient (NA) and malt extract agar (MEA) plates. 
These plates were then incubated for two days at two temperatures, 20 °C and 25 °C.
Individual colonies growing on the nutrient and malt extr*act agar were compared, and 
predominant, different colonies (picked according to colony morphology) were 
selected and isolated onto fr esh media plates, -300 colonies were isolated. The 
isolates chosen for this experiment was due to their high abimdance on the spread 
plates. The three isolated strains chosen grew on both malt extract agar and nutrient 
agar plates.
4.2.1.3 Soil inoculum
The same soil sample was used as in the other chapters details of the soil collection 
can be seen at section 2.2.2.
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4.2.2 Experimental system
250 ml Erlenmeyer flasks containing a total volume of 25 ml were incubated at the 
appropriate temperature for the microorganisms (optimum growth temperature stated 
in Tables 4.1 and 4.2), on a shaker at 220 rpm for up to 28 days. Foam bungs were 
used to seal the flasks to allow complete gaseous exchange. The media used in this 
chapter was a sterile minimal media with 10,000 mg/l or 1000 mg/l each of 
hexadecane, pristane and 1-methylnaphthalene as the carbon source.
The minimal media comprised of four constituents, the same as detailed above in 
section 4.2.1.2 except the carbon sour ce (constituent (iii) was 10,000 mg/l or 1000 
mg/l each of hexadecane, pristane and 1-methylnaphthalene as a mixtur e). The flasks 
were adjusted to pH 6.5 by using sterile 1 M NaOH. The solutions were autoclaved 
separately, except the hydrocarbon, which was filter-sterilised (0.45 pm Sartorius 
minisart syringe filter) and added together to sterile flasks aseptically. 4x10^ cells/ml 
media of the str ains was added to the tr eatment flasks; in the case of soil inoculation 
0.25 g (1%) of wet hydrocarbon-polluted soil was added. The ‘mixed’ treatment 
consisted of P. putida, Mycobacterium sp. P. chrysosporium, FAL soil isolate, LFA 
D3 Cl soil isolate and LFA D1 FI soil isolate with a total of 4x10^ cells/ml media 
(6.6x10'^  cells/ml of each strain) added. A sterile non-inoculated control was also 
present.
4.2.2.1 Microorganisms inoculation
The six pure strains were inoculated on the preferred growth media (shown in 4.2.1.1 
and 4.2.1.2) on spread plates. 10ml of sterile Va, strength Ringer solution was used to 
scrap the agar* plates and recover the bacterial cells or fungi spores into sterile 
centrifuge tubes after 5 days growth. Serial dilutions were then carried out with Va 
str ength Ringer and appropriate dilutions were used to count the bacterial cells using 
the Miles and Misra (Miles and Misra, 1938) drop-plate technique or a MOD-FUCH 
haemocytometer* for fungal spores. The appropriate volume of the bacterial cells or 
fungi spores in the Va strength Ringer was then added to the flasks.
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4.2.3 Microbial activity estimations
Microbial activity in the experimental flasks was estimated using the fluorescien 
diacetate esterase activity (FDA) assay already described in Chapter 3 section 3.2.7 
for the 10,000 mg/l experiment.
For the 1000 mg/l concentration of each hydrocarbon experiment with P. putida, 
Mycobacterium sp. and P. chrysosporium dry weight biomass measurements were 
used. Sterile 0.45 pm filter membranes (Gelman Sciences) were pre-weighed 
aseptically and weights recorded. 10 ml of each treatment flask was filtered thr ough 
using sterile membrane filter appar atus and a water pump. The filter papers were 
dried in an oven over night at 85 °C. The filter papers re-weighed and the biomass 
calculated. Three control filter papers with nothing filtered through them were also 
dried and weighed to account for the moistur e content of the filter papers. Plate 
counts of P. putida and Mycobacterium sp. were also carTied out by taking 1 ml of the 
flask contents serially diluting and 100 pi of 10"^  and 10'* diluents spread on nutrient 
agar plates. Plate counts are useful in this situation because the flasks have been 
inoculated with pure strains where their culture conditions are known and can be 
optimised to ensur e the plate counts ar e a true representation of the total microbial 
contents in the flasks.
The experiment using P. chrysosporium to test the experimental conditions measured 
dry weight biomass in exactly the same way as described above, the only difference 
was the filter papers were pre-dried in the oven at 85 °C overnight to remove any 
moisture before filtering with the flask contents.
4.2.4 Hydrocarbon analysis
To improve the reproducibility of the extraction procedure a slightly different 
extr action method was used in these experiments compared to Chapter 3. The internal 
standard (hexamethylbenzene) was added ear lier in the extraction procedure, rather 
than at the re-dissolving stage. This ensur ed the internal standard was treated in 
exactly the same way as the extracted hydrocarbons which would allow for any losses 
or inaccuracies in the extraction procedure. Destructive sampling was carried out on 
the flasks; the total volume remaining (-24 ml for 10,000 mg/l experiment and -15 ml
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for the 1000 mg/l and conditions experiment) after the biomass assay was transfened 
to a 50 ml centrifuge tube. 10 ml of 1000 mg/l hexamethylbenzene in hexane was 
used to rinse the flasks and added to the aqueous fraction in the centrifuge tubes. 
Tubes were shaken over night at 220 rpm and then centrifuged at 3000 rpm for 10 
mins. The upper hexane layer was removed and transferred to a glass Universal 
bottle. If GC analysis could not be carried out the next day, these samples were then 
capped with tin foil and the plastic screw-cap lids and stored at 4 °C. When ready for 
analysis the samples were allowed to evaporate over night in a fume hood, re­
dissolved in 1 ml hexane and 1 pi injected on to the GC. GC conditions were exactly 
the same as described in section 3.2.5.
Standards used to calculate the unknown hydr ocarbon concentrations in the treatment 
flasks were extracted from water using 25 ml volumetric flasks with all three 
hydrocarbons present. The thr*ee hydrocarbons were extracted together from the same 
flasks, following exactly the same procedure the treatment flasks went through 
mentioned above. In the 1000 mg/l concentration experiment and the testing of the 
conditions experiment, where 10 ml of the 25 ml sample was used for biomass 
estimations, 10 ml was discarded from the standard flasks and the remaining 15 ml 
extracted to account for this.
4.2.5 Hydrocarbon agar
Homogenous agar plates containing hydrocarbons as the sole carbon source proved to 
be difficult to create due to the insolubility of the hydr ocarbons. Establishing evenly 
mixed hydrocarbons in the agar, a smooth surface and visibility of microbial growth 
were some of the problems with the methods. Several hydrocar bon agar* methods 
were attempted before finally reaching suitable agar* plates. A technique using 
colloidal silica to absorb the hydrocarbons on and then add to agar* was tried (Baruah 
et a l , 1967). Diesel was used as the hydrocarbon, dissolved in ethyl ether and mixed 
with the silica as described in the paper, the ethyl ether was allowed to evaporate and 
the powder then added to the agar, however the plates were not uniformly distributed 
with the silica and had a Tumpy/clumpy’ surface. A spray plate technique, which has 
been used successfully with phenanthrene (Yuan et a l, 2000; Juhasz and Naidu,
2000) involving dissolving the hydrocarbon in diethylether and using a Preval spray
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gun (Sigma) to spray pre-inoculated minimal media plates was also attempted. The 
hydrocarbon rests on the top of the plate as a fine powder and zones of clearance can 
be seen. This was not the case for the hydrocarbons used in this study, as they were 
all liquids they formed large liquid droplets on the surface of the plates, which 
eventually ran into each other and zones of clearance were not visible.
Another technique used was hydrocarbon impregnated filter paper discs in the lid of 
the Petri dish with the plate taped, so the microbes were using the hydrocar bon in the 
gaseous phase. The Petri dish contained minimal media described below with no 
carbon source. This method was partially successful, when the strains could utilise 
the hydrocarbon in the gaseous phase, for example P. putida only showed growth on 
agar plates where the filter disc had crumbled and the edge of the hydrocarbon 
impregnated filter paper was touching the agar. With the filter paper disc in place in 
the lid no growth was seen.
The hydrocarbon agar* plates that were eventually used in this study and proved to 
give uniform distribution of hydrocarbons, a smooth surface and visible microbial 
growth, were with minimal media detailed in section 4.2.1.2 with the constituents 
autoclaved sepaiately with 1% agar bacteriological (no. 1). Constituent (iii) the 
carbon source was filter sterilised 1% (v/v) of either hexadecane, pristane or 1- 
methylnaphthalene. The hydrocarbons were added when the agar was molten in a 
sterile blender (Ato mix, MSB). The molten agar was mixed at high speed for 30 secs 
and an emulsion formed, plates were then poured aseptically.
Minimal media plates alone with the caihon souice emitted completely and minimal 
media with glucose (5 g/l) as the sole caihon source were also inoculated with the 
stmins. These were used as controls to deteimine whether growth was on the 
hydrocarbons or on the constituents in the agar.
Hydrocarbon tolerance plates were also used. Here nutrient agar plates or malt extract 
agar (depending on the strains preference detailed in section 4.2.1) were used and 
inoculated aseptically with pure strains. Hydrocaihon impregnated sterile Whatman 
no. 1 filter discs of diameter 4 mm were placed on the top of the agai*. A zone of
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clearance would be seen around the discs if the inoculum could not tolerate the 
hydrocaihon. Separate filter discs were impregnated with the three hydrocaihons 
(hexadecane, pristane and 1-methylnaphthalene) separately and all three hydi*ocarbon 
discs placed on one inoculated agar plate with a suitable distance between them. With 
fungi only one filter disc was used per agar plate as the fungi can cany nutrients 
ai’ound it’s’ mycelium.
The agar plates were incubated at either 20 °C or 25 °C depending on the stmin for 5- 
20 days, until growth could be seen.
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4.3 Results
4.3.1 Results for 10,000 mg/l concentration of each hydrocarbon
4.3.1.1 Microbial activity estimations
The experiment was carried out as two sets, with five treatments per set, the un­
inoculated sterile control was present for each set.
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controlMycobacteri um LFA D3 Cl soil isolate
I— P. putida ^  FAL soil isolate
Fig 4.1. Microbial activity estimations of treatment flasks (set 1). Data points shown are 
means of triplicate flasks (n=3) and error bars represent standard error. All the flasks contain 
minimal media and 10,000 mg/l each of hexadecane, pristane and 1-methylnaphthalene. The 
legend indicates the microbial strain the flasks were inoculated with. The control treatment 
has not been inoculated and is sterile.
The FDA assay used here showed an increase in FDA activity of FAL and LFA D3 
C1 from day zero until day seven and plateau until day 27. Mycobacterium sp. and P. 
putida increased more steadily until day 27 (Fig 4.1). All the inoculated treatments 
increased significantly (P<0.05) above the sterile control by the end of the incubation 
period. The inoculated treatments were not significantly different (P>0.05) from each 
other.
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Time (days)
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LFC D1 FI soil isolate *  Mixture of six strains
0.25 g hydrocarbon-polluted soil —X— control 
P. chrysosporium
Fig 4.2. Microbial activity estimations of flask treatments (set 2). Data points shown are 
means of triplicate flasks (n=3) and error bars represent +/- standard error. All flasks contain 
minimal media and 10,000 mg/l each of hexadecane, pristane and 1-methylnaphthalene. The 
legend indicates the microorganisms that the flasks have been inoculated with. 4x10® cells/ml 
media were added of the pure strains and the mixture containing the six strains; P. putida, P. 
chrysosporium, Mycobacterium sp., FAL soil isolate, LFA D3 01 soil isolate and LFC D1 F I 
soil isolate had a final concentration of 4x10® cells/ml media. The control has not been 
inoculated and is sterile.
The inoculation with soil (Fig 4.2) as expected showed the highest increase of FDA 
activity, peaking at day 14 and decreasing slightly until day 27. P. chrysosporium, 
LFC D1 FI and the mixture of all 6 strains did not increase above the uninoculated 
control flask. Visually, wall growth could be seen in all the inoculated flasks except 
LFC D1 FI, nor the sterile control, no cloudiness was evident in the LFC D1 FI 
inoculated treatments or the control over the incubation period.
Due to the treatment containing 0.25 g hydrocarbon-polluted soil a filter method was 
not suitable to determine biomass therefore, the FDA method was adopted to give an 
estimation of microbial activity in all the treatment flasks. Using a filter to determine 
dry weight biomass would have retained the soil and thus would not be a true
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representation of dry weight biomass. The FDA assay however, did not corroborate 
the visual findings and left the assay results as dubious. This was attiibuted to the 
hydrocai'bons and turbidity interfering with the optical density readings. Therefore, in 
the future experiments where soil was not used as an inoculum diy weight biomass 
estimations were used.
4.3.1.2 Hydrocarbon analysis
4.3.1.2.1 Hydrocarbon standard curves
The hydrocarbon extraction and analysis method is shown to be reproducible by the 
standard cuiwes in Fig 4.3, Fig 4.4 and Fig 4.5. The values represent the 
correlation between data points.
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Fig 4.3. 1-methylnaphthalene standard curve extracted from water. The values shown are the 
mean of three replicates (n=3) and the error bars represent +/- standard error.
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Fig 4.4. Hexadecane standard curve extracted from water. The values shown are the mean 
of three replicates (n=3) and the error bars represent +/- standard error.
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Fig 4.5. Pristane standard curve extracted from water. The values shown are the mean of 
three replicates (n=3) and the error bars represent +/- standard error.
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4.3.1.2.2 Hydrocarbon concentrations in the treatment flasks
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♦ 1-methylnaphthalene -■—  Hexadecane -A—  Pristane
X- - • 1-mnp in P. putida inoculated flask X- - C l 6 in P. putida inoculated flask 
• • Pristane in P. putida inoculatedflask
Fig 4.6. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with P. putida in minimal media with 10,000 mg/l of each hydrocarbon; pristane, 
hexadecane (016) and 1-methylnaphthalene (1-mnp). The data points represent the mean 
(n=3) and the error bars represent the standard error.
Fig 4.6 compares the concentrations of all three hydrocarbons in the P. putida 
inoculated flasks with the sterile control flasks. The concentrations of the 
hydrocarbons were the same in both the inoculated and uninoculated treatment flasks 
throughout the experiment. At day 28 there were no significant differences (f>0.05). 
Pristane and hexadecane were not utilised by P. putida or lost by abiotic factors. 1- 
methynaphthalene was lost in both the sterile control and inoculated flasks, thus 
suggesting this decrease in concentration was due to abiotic factors rather than 
microbial.
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Fig 4.7. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with Mycobacterium sp. in minimal media with 10,000 mg/l of each hydrocarbon; 
pristane, hexadecane (016) and 1-methylnaphthalene (1-mnp). The data points represent 
the mean (n=3) and error bars represent the standard error.
1 -methylnaphthalene, hexadecane and pristane concentrations in flasks inoculated 
with Mycobacterium sp. are compared with the uninoculated control flasks in Fig 4.7. 
As is evident there are no significant differences (f>0.05) between the inoculated and 
sterile flasks during the 28-day period. No decrease in concentration of the alkane; 
hexadecane and the isoprenoid alkane; pristane was seen in either the sterile control or 
inoculated treatments. A loss of 40% from the initial concentration added (10,000 
mg/l) was seen for the PAH; 1-methylnaphthalene, this is attributable to evaporative 
losses rather than microbial degradation due to the decrease in concentration seen in 
both the sterile and non-sterile treatments.
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Fig 4.8. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with FAL soil isolate in minimal media with 10,000 mg/l of each hydrocarbon; 
pristane, hexadecane (016) and 1-methylnaphthalene (1-mnp). The data points represent 
the mean (n=3) and error bars represents the standard error of the mean.
Hydrocarbon concentrations in the soil-isolate FAL inoculated flasks are compared 
with sterile controls in Fig 4.8. By the end of the experimental period no significant 
differences (P>0.05) were seen between the uninoculated and inoculated flasks. The 
concentrations of pristane and hexadecane remained at 10,000 mg/l during the 28- 
days. 1 -methylnaphthalene concentration decreased to approximately 6000 mg/l over 
the 28-day period, again this was evident in both the sterile control and the FAL 
inoculated flasks so was attributable to abiotic loss rather than microbial degradation.
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Fig 4.9. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with LFA D3 01 soil isolate in minimal media with 10,000 mg/l of each 
hydrocarbon: pristane, hexadecane (016) and 1-methylnaphthalene (1-mnp). The data points 
represent the mean (n=3) and error bars represents +/- standard error.
Fig 4.9 shows the hydrocarbon concentrations in flasks inoculated with the soil-isolate 
LFA D3 Cl and the sterile control treatment. No significant differences {P>0.05) 
were seen for any of the three hydrocarbons between the uninoculated and inoculated 
treatments. Hexadecane and pristane concentrations remained at the initial 
concentration, while 1-methylnaphthalene concentration decreased to 6000 mg/l in 
both the sterile and non-sterile treatments.
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Fig 4.10. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with LFC D1 F I soil isolate in minimal media with 10,000 mg/l of each 
hydrocarbon; pristane, hexadecane (C l6) and 1-methylnaphthalene (1-mnp). The data points 
represent the mean (n=3) and error bars represent the standard error of the mean.
Fig 4.10 illustrates the concentrations of hexadecane, pristane and 1- 
methylnaphthalene in treatment flasks inoculated with the soil-isolate LFC D l F l  
compared to the uninoculated control. No significant differences (f>0.05) in the 
individual hydrocarbon concentrations were seen by the end of the 14-day period 
comparing the sterile with the LFC D l F l  inoculated treatment. The aliphatic and 
branched-aliphatic hydrocarbon concentrations remained constant at the initial 
amount. 5000 mg/l 1-methylnaphthalene was lost in both the inoculated and 
uninoculated treatments.
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Fig 4.11. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with P. chrysosporium (WRF) isolate in minimal media with 10,000 mg/l of each 
hydrocarbon: pristane, hexadecane (016) and 1-methylnaphthalene (1-mnp). The data points 
represent the mean (n=3) and error bars represent the standard error.
The same scenario was seen with the P. chrysosporium inoculated treatments in Fig
4.11. No significant differences (P>0.05) were seen between the sterile and non- 
sterile flasks and 1-methylnaphthalene was lost in both the inoculated and 
uninoculated flasks due to abiotic factors. Hexadecane and pristane remained 
constant at the initial concentration.
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Fig 4.12. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with a mixture of all six strains: P. putida, Mycobacterium sp., FAL soil isolate, LFA 
D3 C l soil isolate, LFC D1 F I soil isolate and P. chrysosporium in minimal media with 10,000 
mg/l of each hydrocarbon; pristane, hexadecane (C16) and 1-methylnaphthalene (1-mnp). 
The data points represent the mean (n=3) and error bars represents the standard error.
The mixture of all six strains also showed no hydrocarbon utilisation as seen in Fig
4.12. Pristane and hexadecane were not biodegraded by the mixture 1- 
methylnaphthalene was lost due to abiotic factors. No significant differences 
(P>0.05) were seen between the sterile and non-sterile treatments for any of the 
hydrocarbons over the 14-day period.
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Fig 4.13. Comparison of the uninoculated control hydrocarbon concentrations with flasks 
inoculated with hydrocarbon-polluted soil in minimal media with 10,000 mg/l of each 
hydrocarbon; pristane, hexadecane (016) and 1-methylnaphthalene (1-mnp). The data points 
represent the mean (n=3) and error bars represent the standard error.
The hydrocarbon-polluted soil inoculated flasks (Fig. 4.13) showed a decrease in 1- 
methylnaphthalene to -2000 mg/l, this was a highly significant difference (f<0.001) 
from the uninoculated flask. Thus suggesting the microbial population in the soil did 
degrade 1 -methylnapthanlene by 80% of the initial concentration.
1-methylnaphthalene in the control and the treatments with P. putida (Fig 4.6), 
Mycobacterium sp. (Fig 4.7), FAL isolate (Fig 4.8), LFA D3 Cl (Fig 4.9) all had a 
decrease in concentration to approximately 6000 mg/l (60%). This decrease was also 
seen in the uninoculated control which suggests the loss is due to abiotic factors rather 
than by microbial degradation. Evaporation through the foam bungs is the most likely 
reason for the loss of 1-methylnaphthalene. 1-methylnaphthalene in LFC D1 FI (Fig 
4.10), P. chrysosporium (Fig 4.11), mixture of all 6 strains (Fig 4.12) also showed a 
decrease of approximately 5000 mg/l by day 14. Again the control also showed this 
loss therefore attributing it to abiotic processes rather than the microorganisms used in 
this study.
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1-methylnaphthalene in this experiment had an extraction efficiency of >150% 
consistently, 10,000 mg/l of 1-methylnaphthalene was added to each flask and yet 
consistently at day 0 for all the flasks a concentration of >15,000 mg/l was retrieved. 
The only possible explanation from this was a difference between the standards and 
the experimental flasks. The difference was the standards were extracted from water, 
whereas the experimental flasks were extracted from the minimal media. These are 
both aqueous extractions and therefore not thought to be a major difference.
Standards in water and standar ds in minimal media were carried out to see if it did 
make a difference, Fig 4.20, Fig 4.21 and Fig 4.22 illustrate the extracted standards 
correlation. For hexadecane and pristane no real difference is seen comparing 
extraction from water or minimal media, however 1-methylnaphthalene has markedly 
increased extraction efficiency in minimal media and better correlation than in water. 
This explains the increase in extraction efficiency seen with 1-methylnaphthalene but 
not with hexadecane or pristane. The possible theoretical explanation for this is: the 
hexadecane and pristane can fold-up on itself as all bonds can rotate 360 °C giving the 
lowest surface contact with water. In an aqueous environment this would be the 
lowest energy position for a hydrophobic molecule. The 1-methylnapthalene on the 
other hand is a ring stmcture and cannot rotate or fold. A salt solution has an 
increased ionic strength and forces the molecules into the hexane layer during 
extraction more than water alone would. This makes more of a difference on 1- 
methylnaphthalene as the ‘flexible’ hexadecane and pristane are already at high 
entropy.
Hexadecane and pristane follow a very similar pattern. Extraction ranged from 75- 
100%. Essentially no loss in concentration of hexadecane or pristane was seen over 
the 14 or 27-day period in uninoculated controls or any of the inoculated experimental 
flasks. The results agree with the visual observations of hydrocarbon remaining after 
14 or 28 days in the flasks. With growth visible in the flasks and no carbon source 
present except the hydrocarbons, what the microbes are utilising as an energy source 
needs to be considered. There is ferric citrate in the media maybe the microbes are 
scavenging the citrate or perhaps the microorganisms are gr owing due to cryptic 
growth on the dead microbial cells.
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The lack of microbial degradation by P. putida^ Mycobacterium sp. and P. 
chrysosporium used in the experiment as positive controls (previously been shown to 
degrade one or more of the hydrocar bons used in the literature) lead to the 
consideration of problems in the system. Perhaps the high 10,000 mg/l of each 
hydrocarbon (total concentration 30,000 mg/l) was too high in that if any degradation 
was happening it would be a negligible proportion of the starting concentration. The 
growth observed indicated it was not lethally toxic however, the high concentrations 
may be having a negative effect so this lead to an experiment with 1000 mg/l 
concentration of each hydrocarbon.
4.3.2 Results for 1,000 mg/l concentration of each hydrocarbon
4.3.2.1 Biomass estimations
Dry weight biomass measmements were made using a 10 ml sample from the flasks. 
No significant differences (P>0.05) in dry weight biomass measurements were seen 
between the sterile control, and the flasks inoculated with either P. putida or 
Mycobacterium sp. However, by day eighteen P. chrysosporium was significantly 
different (P<0.05) from the sterile control, but not from the other inoculated 
treatments. Lar ge error bars were evident with this technique indicating a limitation 
with this method; the filtration method only used a 10 ml sample. The remaining 
portion of the flasks contents was needed for the hydrocar bon analysis. The 10 ml 
sample was obviously not representative (wall growth on the sides of the flasks was 
difficult to remove), evidently the whole sample should have been used but this was 
not possible with simultaneous hydrocarbon analysis.
Flasks inoculated with cfu/ml
Day Ô* 6 12 18
P, putida 4.0x10^ 3.7x10^ 1.2x10^ 3.1x10^^
Mycobacterium sp. 4.0x10^ 9.0x10^ 7.7x10^ 2.0x10^
Table 4.3. Nutrient agar Miles and Misra plate count estimations of the number of viable P. 
putida and Mycobacterium sp. bacteria in the treatment flasks. Figures represent a single 
representative determination. * Number of cells/ml added at the beginning of the experiment.
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The bacterial plate counts illusti'ated in table 4.3 indicate an increase in viable 
bacterial numbers over the incubation period. Growth was seen in all the inoculated 
flasks as wall giowth.
4.3 2.2. Hydrocarbon analysis
4.3.2.2.1 Hydrocarbon standard curves
The hydrocarbon analysis results confirm the previous results and show no microbial 
degradation of the three hydrocarbons by P. putida, Mycobacterium sp. or P. 
chrysosporium. The standard curves illustrate a reproducible extraction method was 
used in this experiment.
=  0.9746
oIII
-0.5 6 200 400 600
1-methylnaphthalene concentration (mg/l)
800 1000
Fig 4.14. The peak area ratio against known concentrations of 1-methylnaphthalene 
extracted from minimal media, 25ml total volume in the flasks was prepared and 10ml 
discarded to account for the 10ml used in the dry weight biomass estimations. The data 
points shown are the mean of three replicates and the error bars indicate the standard error.
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Fig 4.15. The peak area ratio against known concentrations of hexadecane extracted from 
minimal media, 25ml total volume in the flasks was prepared and 10ml discarded to account 
for the 10ml used In the dry weight biomass estimations. The data points shown are the 
mean of three replicates and the error bars indicate the standard error.
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Fig 4.16. The peak area ratio against known concentrations of pristane extracted from 
minimal media, 25ml total volume in the flasks was prepared and 10ml discarded to account 
for the 10ml used In the dry weight biomass estimations. The data points shown are the 
mean of three replicates and the error bars indicate the standard error.
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The standard curves constructed for the 1000 mg/l experiment (Fig 4.14, 4.15, 4.16) 
were reproducible, reliable and correlated well with high values for all three 
hydrocarbons. The standards in this experiment were extracted from minimal media, 
the extraction efficiencies for 1 -methylnaphthalene were reasonable and not higher 
than the initial concentration as seen in the previous experiment. Approx. 60% 
extraction efficiency of 1 -methylnaphthalene was seen, with hexadecane and pristane 
exhibiting approx. 100% extraction efficiency.
4,3.2.2.2 Hydrocarbon concentrations in the treatment flasks
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Fig 4.17. A comparison of uninoculated control flasks with P. putida inoculated treatment 
flasks in minimal media with 1000 mg/l each of 1-methylnaphthalene ( 1-mnp), hexadecane 
(C l6 ) and pristane. The values are the mean of three replicates. The error bars represent 
the standard error.
In this experiment with 1000 mg/l concentrations of 1-methynapthalene, pristane and 
hexadecane were not reduced by metabolism by P. putida (Fig 4.17). Pristane and 
hexadecane remained at the starting concentration and 1-methylnaphthalene was lost
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due to abiotic factors, there were no significant differences (P>0.05) between the 
sterile control and the inoculated treatment. This confirmed the last experiments 
results.
1500
tI 1000
500
0
10 15 20
Time / days
1-mnp - sterile control 
-■—  C l6 - sterile control
— A—  Pristane - sterile control
*  1-mnp in Mycobacterium sp. inoculated flasks 
• • Wt - ' CI6 in Mycobacterium sp. inoculated flasks
#  Pristane in Mycobacterium sp. inoculated flasks
Fig 4.18. A comparison of an uninoculated control with Mycobacterium sp. inoculated flasks 
in minimal media with 1000 mg/l each of 1-methylnaphthalene (1-mnp), hexadecane (C16) 
and pristane. The values are the mean of three replicates. The error bars represent the 
standard error.
Mycobacterium sp. inoculated flasks compared to the uninoculated control treatments 
are illustrated in Fig 4.18, which shows the hydrocarbons were not degraded by the 
microorganism as no significant differences (P>0.05) were seen between the sterile 
control and the Mycobacterium sp. inoculated treatments.
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Fig 4.19. A comparison of an uninoculated control with P. chrysosporium (WRF) inoculated 
flasks in minimal media with 1000 mg/l each of 1-methylnaphthalene (1-mnp), hexadecane 
(C l6 ) and pristane. The values are the mean of three replicates. The error bars represent 
the standard error.
Results from the 1000 mg/l hydrocarbon concentration experiment confirmed the 
results with 10,000 mg/l. 1-methylnaphthalene decreased drastically in both the 
control and the inoculated flasks to -100 mg/l, this occurred by day 6 and plateau 
until day 18. Hexadecane and pristane remained constant at 1000 mg/l (the starting 
concentration) throughout the 18 days in the control and all treatment flasks 
inoculated with P. putida (Fig 4.17), Mycobacterium sp. (Fig 4.18) and P. 
chrysosporium (Fig 4.19). P. putida, Mycobacterium sp. and P. chrysosporium did 
not degrade hexadecane, pristane or 1 -methylnaphthalene at either 10,000 mg/l or 
1000 mg/l concentration.
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4.3.3 Results for the different experimental conditions effect on P. 
chrysosporium
With no hydrocai'bon degr adation seen and yet growth visually evident, it was thought 
the ferric citrate and citric acid in the minimal media may be providing an alternative 
carbon source. The citrate is a sour ce of car bon, it is added in the media to chelate 
metal ions, however the pool of available car bon from this source would be very 
small compared to the normal energy sources. So there is a small possibility citrate 
could have been preferably utilised and therefore be preventing hydrocarbon 
degradation. Citrate was therefore removed from the media and this hypothesis 
tested.
The lack of degradation may have been due to the nitrogen source. Perhaps a 
different sour ce of nitrogen (ammoniimi nitrate) instead of sodium nitrate would make 
a difference. Ammonium nitrate gives more nitr ogen than sodium nitrate at the same 
concentration.
The evaporation of 1-methylnaphthalene may have been exaggerated due to the 
shaking at 220rpm. Without the shaking the microorganisms may have more 
opportunity to actually biodegrade the 1-methylnaphthalene, so this was tested.
P. chrysosporium was chosen for the ‘conditions’ study as it had grown on all three 
hydrocarbons on hydrocarbon-agar plates (see table 4.4). Each condition change (i) 
no shaking, (ii) ammonium nitrate instead of sodium nitrate (iii) no citrate, were 
caiTied out along with the original conditions used in the previous experiments. For 
each set an uninoculated control was compared to the P. chrysosporium inoculated 
flasks.
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4.3.3.1 H ydrocarbon analysis
4.3.3.1.1 Hydrocarbon standard curves
Standard curves were constructed for this experiment in minimal media. The 
standards in minimal media were used to calculate the unknown hydrocarbon 
concentrations in the treatment flasks. Standards in water were carried out at the 
same time to allow comparisons to be made. The standards for the 10,000 mg/l 
experiment were extracted from water however the experiment was carried out in 
minimal media and extracted from this salt solution. It was thought that this would 
not make a difference, but when the high extraction efficiencies for 1 - 
methylnaphthalene (-150%) were evident extraction from both media were compared. 
An explanation for this has already been discussed in section 4.3.1.2.2 for the data is 
shown here. The standard curves are illustrated in Fig 4.20, 4.21 and 4.22.
1.8 = 0.7845
O1I< 0.8 I 0.6
0.4
= 0.66270.2
0 200 400 600 800 1000
1-methylnaphthalene concentration (mg/l)
♦ Standards in water ■ Standards in minimal media
Fig 4.20. Standard curves for 1-methylnaphthalene extracted from both water and minimal 
media. values are shown to illustrate the correlation between values.
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= 0.965
4.5
R- =  0.9336
2.5
CL
0.5
0 200 400 600 800 1000
Concentration of hexadecane (mg/l)
♦ Standards in water ■ Standards in minimal media
Fig 4.21. Standard curves for hexadecane extracted from both water and minimal media. 
values are shown to illustrate the correlation between values.
I
6
R‘ = 0.9488
5
3 R“ =  0.8335
2
0
0 200 400 600 800 1000
Concentration of pristane (mg/l)
♦  Standards in water ■ Standards in minimal media
Fig 4.22. Standard curves for pristane extracted from both water and minimal media. 
values are shown to illustrate the correlation between values.
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4.3.3.1.2 Hydrocarbon concentrations in the treatment flasks
1500
t
i  1000
500
14
Time (days)
■  1 -mnp - control ■  C16 - control 
B 1 -mnp + WRF □  C16 + WRF
I pristane - control 
I Pristane + WRF
Fig 4.23. Hydrocarbon concentrations in minimal media treatment flasks with 1000 mg/l of 
each hydrocarbon, 1-methylnaphthalene (1-mnp), hexadecane (C16) and pristane as a 
mixture, with or without P. chrysosporium (WRF). The conditions of these flasks were as in 
the previous experiments, the same minimal media, shaking at 220 rpm at 25 °C. The data 
points shown are the mean of triplicates and the standard error is represented in the error 
bars.
Fig 4.23 confirms the results in the previous experiments with 10,000 mg/l and 1000 
mg/l concentration of each hydrocarbon. With exactly the same experimental 
conditions as the previous experiment and 1000 mg/l hydrocarbon concentrations, no 
decrease in hexadecane and pristane concentration for the 14-day period was seen. 1- 
methylnaphthalene decreased in both the sterile control and the P. chrysosporium 
inoculated flasks. There were no significant differences (P>0.05) between the 
inoculated and the sterile treatments for any of the hydrocarbons. The 1 - 
methylnaphthalene extraction efficiency was low at approx. 50% at day 0 however a 
significant decrease (P<0.05) is evident by day 14 compared to day zero.
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1500
1 1000 
1
500I
14
Time (days)
■  1 -mnp - control ■  C l6 - control 
□  1 -mnp + WRF □  C16 + WRF
□ pristane - control 
■  pristane + WRF
Fig 4.24. Hydrocarbon concentrations in minimal media treatment flasks with 1000 mg/l of 
each hydrocarbon: 1-methylnaphthalene (1-mnp), hexadecane (C16) and pristane as a 
mixture, with or without P. chrysosporium (WRF). The conditions of these flasks were as in 
the previous experiments, the same minimal media, but with no shaking at 25 °C. The data 
points shown are the mean of triplicates and the standard error is represented in the error 
bars.
The difference between Fig 4.23 and Fig. 4.24 is the experimental flasks in Fig 4.24 
were not shaken. Comparing the Fig 4.23 and Fig 4.24 there are no differences 
therefore, no shaking had no beneficial impact on the experiment. A pristane and 
hexadecane concentrations were not decreased over the experimental period and 1 - 
methylnaphthalene decreased in both the control and the P. chrysosporium inoculated 
flasks. No significant differences (P>0.05) were seen between the P. chrysospoium 
inoculated and sterile treatments.
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1500î
I  1000
500
14
Time (days)
■ 1 -mnp - control ■  C16 - control 
Q 1 -mnp + WRF O C16 + WRF
□ pristane - control 
■  pristane + WRF
Fig 4.25. Hydrocarbon concentrations in minimal media treatment flasks with 1000 mg/l of 
each hydrocarbon, 1-methylnaphthalene (1-mnp), hexadecane (C16) and pristane as a 
mixture, with or without P. chrysosporium (WRF). The conditions of these flasks were as in 
the previous experiments, shaking at 220 rpm at 25 °C however the nitrogen source was 
changed from sodium nitrate to ammonium nitrate (3.5 g/l). The data points shown are the 
mean of triplicates and the standard error is represented in the error bars.
In Fig 4.25 with a different nitrogen source no microbial degradation of any of the 
three hydrocarbons is evident. This follows the same pattern as Fig 4.23 and Fig 4.24. 
In the presence of ammonium nitrate P. chrysosporium inoculated and uninoculated 
treatments the hydrocarbon concentrations showed no significant differences 
(f>0.05). The nitrogen source was not a determining factor in improving microbial 
activity.
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2000îI 1500
1000
i  500
14
T im e  ( d a y s )
■ 1 -mnp - control ■  C l6 - control 
□  1-mnp + WRF OC16 +WRF
□ pristane - control 
■  pristane + WRF
Fig 4.26. Hydrocarbon concentrations in minimal media treatment flasks with 1000 mg/l of 
each hydrocarbon: 1-methylnaphthalene (1-mnp), hexadecane (C16) and pristane as a 
mixture, with or without P. chrysosporium (WRF). The conditions of these flasks was as in 
the previous experiments: shaking at 220 rpm at 25 °C however the ferric citrate was replaced 
with ferric sulphate (0.1 g/l) and EDTA (0.0035 g/l), so no citrate was present. The data 
points shown are the mean of triplicates and the standard error is represented in the error 
bars.
Fig 4.26 shows the hydrocarbon concentrations in treatments where ferric citrate has 
been replaced with ferric sulphate (to supply iron) and ethylenediaminetetraacetic acid 
(EDTA) (as a chelating agent instead of the citrate). The presence of citrate obviously 
had no affect on hydrocarbon mineralization as the hydrocarbon results are the same 
as in the original conditions (Fig 4.23). 1-methylnaphthalene decreased to 
approximately 100 mg/l in both the P. chrysosporium inoculated flasks and the 
control. Hexadecane and pristane remained at approximately 1000 mg/l over the 14 
day period. No significant differences (P>0.05) between the control and treatment 
flasks were seen at day 0 or day 14 for any of the hydrocarbons. All the condition 
changes, no shaking, different nitrogen source and no citrate all followed exactly the 
same pattern as under the original conditions.
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The standard error of the mean illustrated in the error bars in Figures 4.23, 4.24. 4.25 
and 4.26 are disappointing in this experiment. The enor bars are considerably large in 
the experimental conditions with shaking Fig 4.23,4.25 and 4.26, however in the 
treatment set where no shaking occurred (Fig 4.24) the error bars are much smaller. 
This suggests shaking introduced inconsistency into the experiment. The large enor 
bars were attributable to one flask from the triplicate set having a large difference 
while the other two flasks were very similar. The reproducibility of the hydrocarbon 
concentration data in this experiment may have been compromised because only 15 
ml of the sample was used for hydrocarbon extraction because the other 10 ml was 
used for dry weight biomass estimations (data not shown see section 4.3.2.1). The diy 
weight biomass estimations aie not shown because they had large enor bars and no 
significant differences (P>0.05) between the sterile control and the inoculated 
treatments. The same problem is seen with the biomass estimations; with only a 10 
ml sub-sample it was obviously not representative enough and the whole sample 
should have been sacrificed for both the biomass and hydrocarbon concentration 
estimations.
4.3.4 Inoculation of strains on hydrocarbon agar plates
Table 4.1 illustrates the growth of selected stains on agar plates. P. putida and P. 
chrysosporium both tolerated and giew on all three hydrocarbons (hexadecane, 
pristane and 1-methynaphthalene) as the sole carbon souice. They grew on 1- 
methylnaphthalene to a lesser extent than the other two hydrocarbons.
Mycobacterium sp. was able to tolerate the three hydrocarbons on nutiient agar plates 
but was not able to mineralise the hydrocarbons as the sole caihon source. The fungal 
FAL isolate, T. harzianum 090 and the bacterial isolate LFC D1 FI tolerated and 
grew on hexadecane and pristane but could not utilise 1-methylnaphthalene as the sole 
carbon soui’ce on agar plates. The bacterial soil isolates LFC D1 El and LFA D3 Cl 
were not able to utilise any of the hydrocarbons as sole carbon sources on agai* plates.
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4.4 Discussion
Except for Mycobacterium sp., LFA D3 El and LFA D3 Cl the other strains used in 
this chapter grew on one or more of the hydrocarbons on hydrocai bon-agar plates 
(table 4.4).
The experimental conditions and hydrocarbon concentration were not determining 
factors on the microorganisms ability to metabolise the substrates. Neither shaking, 
the nitrogen sour ce nor the presence of citrate had an affect on microbial degradation 
of the thr ee hydrocarbons. Citr ate may have been scavenged by the microbes as a 
car bon source, however it is added to the medium as a chelating agent and should 
therefore be bound and inaccessible to microorganisms.
With the hydrocarbon-polluted soil inoculum being the only microbial sour ce capable 
of showing any hydrocarbon biodégradation (1-methylnapthalene at 10,000 mg/l 
degradation by 80%) this was a disappointing and surprising result. The microbes 
chosen as ‘positive controls’; P. putida and Mycobacterium sp. showed no ability to 
degrade hydrocaitons, which is the attribute the culture collection suggests they are 
capable of. The reference for Mycobacterium however reports low carbon dioxide 
respiration data for w-pentadecane and w-hexadecane, this was explained by their low 
solubility and volatility and therefore decreased availability (Jones and Edington, 
1968). Even on the hydrocarbon agar plates Mycobacterium sp. shows no signs of 
growth. Mycobacterium sp. use in the experiments as a positive control was 
discontinued it is not used in Chapter 5. The results indicate a mixed soil microbial 
population mineralised 1-methylnaphthalene. Specific groups of microorganisms will 
degrade specific chemical classes (Betts, 1993) therefore a consortium of microbes 
could degrade a whole spectrum of chemical species. In this case it seems a 
consortium of microorgansims was more successful at hydrocarbon degradation than 
single isolates. This agrees with other studies; Yuan et al. (2000) found a mixed 
population of six strains to be more effective at PAH utilisation than the single strains. 
Tsyban et al. (1978) also found mixed cultures to be slightly more effective at n- 
alkane degradation. Bouchez et al. (1999) compared a contaminated soil consortium 
to a defined mixture of three bacterial strains and the soil microorganisms performed
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much better than the defined mixture. It needs to be considered that 1- 
methylnaphthalene bound to the 0.25 g soil in the flask and was therefore not 
extracted, rather than microbial degr adation occurring. This seems unlikely as the 
other two hydrocarbons pristane and hexadecane were extr acted (100% extraction) 
after the 14-day period. PAHs bind to soil more strongly than other hydrocarbons, 
however it would be likely for pristane and hexadecane to bind to the soil particles to 
some extent and if this was the case a reduced extraction would have been seen for all 
thr ee hydrocarbons rather than just 1-methylnaphthalene.
The inability for the soil isolate LFA D3 Cl (isolated from a soil sample taken from a 
land farm at an oil refinery) to degrade hydrocarbons both in liquid media and on 
solid agar' as the sole carbon source suggests it is not a hydrocarbon degrader. LFA 
D3 Cl was isolated from hydrocarbon-polluted soil and enriched in flasks containing 
a mixed hydrocarbon substrate. The isolates were plated on nutrient and malt extract 
agar plates. This isolate was chosen for its continued high abundance on plates from 
the emichment flasks. LFA D3 Cl obviously only tolerated the high hydrocarbon 
concentrations but could not utilise them as a car bon soirr ce, when it was then plated 
on the nutrient and malt extract agar plates it had a metabolisable carbon substrate to 
utilise and grow. The FAL and LFC D1 FI soil isolates grew on hexadecane and 
pristane as sole carbon sources but not 1-methylnaphthalene on the agar plates. They 
did not show the ability to metabolise any of these hydrocarbons in the liquid media. 
The presence of 1-methylnaphthalene could have had a toxic effect and prevented 
these strains from metabolising hexadecane and pristane.
The loss of 1-methylnaphthalene in both the sterile control and the inoculated flasks 
leads to the conclusion that the decrease in concentration is due to abiotic factors, i.e. 
evaporation and not microbial degradation. For PAHs possible routes include 
volatilisation, photo-oxidation and chemical oxidation (Yuan et a/., 2000), it is felt the 
largest contributor responsible for the 1-methylnaphthalene loss is 
volatilisation/evaporation. Comparing the boiling points of the three hydr ocar bons 
(as an indicator of their volatilisation potential) in table 3.1 it indicates 1- 
methylnaphthalene would be the first to evaporate while hexadecane and pristane 
remain.
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The results with P. putida were pai'ticularly disappointing as this strain has been used 
extensively in bioremediation reseaich as illustrated in the Introduction (Chapter 1).
It was also able to grow on all three hydiocaibons on the solid agar plates (table 4.4). 
The same is true of P. chrysosporium and hence the reason it was the strain chosen to 
carry out the ‘condition changes’ experiment with. A possible explanation for the 
ability to utilise hydrocarbons on solid agar plates but not in a liquid media is the 
presence of the solid surface. Some microorganisms immobilised at sur faces exhibit 
different physiological characteristics than when the organism is in the aqueous phase 
(Mar shall and Goodman, 1994). It has been estimated that in natural environments 
99% of all bacteria reside at surfaces or exist in biofilms (Dalton and March, 1998).
Once attachment on a solid surface has been achieved, growth results in the formation 
of a biofrlm and in most cases this contributes to microbial accumulation at these 
sites. The study of bacterial cell adhesion to human, animal and plant cells have been 
more extensive than to inert surfaces, for medical reasons to increase knowledge on 
pathogenic infections. Adhesion to animal cells is instigated via a mechanism that 
requires receptor-ligand interactions and alters the gene expression of the target cell. 
Adhesins ar e present on the bacterial cell surface and are used in attachment processes 
(Dalton and March, 1998). There is evidence that flagella and fimbriae act as 
‘antennae’ for attachment.
A two stage model for attachment has been suggested; a loose reversible binding 
through hydrophobic interactions between the host cell and lipoteichoic acid of the 
bacterial cell wall, followed by tight irreversible attachment using adhesin proteins. 
This is probably what happens when bacteria colonise inert surfaces (Dalton and 
March, 1998). The fate of the bacterial cell after attachment has been studied on 
animal cells, however much less is known about the genes required for cell 
maintenance and gr owth on inert surfaces (Dalton and March, 1998).
P. chrysosporium has been used as immobilised cells on a biocarrier. The removal of 
naphthalene, fluoranthene and benzo[a]pyrene was investigated in the presence of 
immobilized P. chrysosporium cells on a biocarrier, composing of alginate and
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powdered activated carbon (PAC). The PAHs were removed by P. chrysosporium^ 
the alginate-PAC biocairiers presented pores for the colonisation of the fungus 
mycelia (Liao et a l, 1997). In another study using P. chrysosporium, the cells were 
immobilised in a biofilm treatment reactor run at 37°C and shown to metabolise 
phenanthrene, pyrene and benzo[a]pyiene solubilised by surfactant Tween 80 in a 
rotating biological contactor (RBC) reactor (Zheng and Obbard, 2002). Zheng and 
Obbard (2002) had found white rot fungi were sensitive to mechanical shear stress 
and could not be used in stirred tank reactors, however in fixed film reactors white rot 
fungi were capable of pollutant biodégradation.
A Pseudomonas strain K3-2 has been used in a study to compare growth kinetics and 
substrate utilisation kinetics on immobilised and suspended cells. The substiate was 
toluene, it was found the giowth kinetics were significantly altered upon 
immobilisation, however the substrate utilisation kinetics remained unchanged 
(Shreve and Vogel, (1993). Other studies have used P. putida strains to study 
biofilms; two-species biofilm interactions (Tolker-Nielsen et a l, 2000) and on 
different classes of support material (Shreve et a l, 1991).
P. putida and P. chrysosporium have both been shown to function at surfaces as 
biofilms, this supports the results; ability to degrade hydrocaibons on a solid agar 
plate but in this instance they did not have the ability to metabolise the hydrocarbons 
in a liquid media. “Studies have reported significant changes in gene expression in 
bacteria grown on semisolid media as compaied to the same organisms grown in 
liquid media (Marshall and Goodman, 1994)”. In chapter five a solid support is 
introduced into the liquid media to assess whether this does indeed improve 
hydrocai'bon biodegiadation by P. putida and P. chrysosporium.
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Chapter 5: Effect of glucose and sand 
on microbial hydrocarbon degradation in 
aqueous media
5.1 Introduction
Four microorganisms have been used in this chapter; P. putida, P. chrysosporium, T. 
harzianum and an unidentified bacterial strain isolated from hydrocarbon-polluted 
soil, named LFC D1 F I. All foui* strains in previous work (Chapter 4) had grown on 
hexadecane agar and pristane agar plates as the sole caibon source. P. putida was 
also shown to grow on 1-methylnaphthalene agar plates as the sole carbon source.
P. putida has been used extensively in bioremediation studies and been shown to 
degrade naphthalene, 1-methylnaphthalene, 2-methylnaphthalene (Leblond et a l, 
2001), respire on phenanthrene, anthracene, and naphthalene as the sole carbon source 
(Sanseverino et a l, 1993), naphthalene (Guerin and Boyd, 1995; Grimm and 
Harwood, 1997; Mai'x and Aitken, 2000) and Nigerian crude oil (Nwachukwu, 2001).
White rot fungi (WRF) are known to degrade PAHs (Harayama, 1997). Yateem et a l 
(1998) showed P. chrysosporium, reduced total petioleum hydrocarbons (TPH) by 
68.7%, in oil contaminated soil over 12 months, compaied to the control with 46.6% 
TPH reduction. They also showed the more P. chrysosporium inoculum added the 
higher the TPH degradation, a marked reduction of naphthalene (62%), phenantluene
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(92%), fluoranthene, pyrene, benzo[a]anthracene (70%) and chrysene (70%) were 
noticed. Another study also showed P. chrysosporium metabolised phenanthiene 
(Sutherland et a l, 1991). In a shaking water system, the removal of benzo(a)pyrene 
by free cells of P. chrysosporium were detennined for three different strains in a 
nitrogen-limited medium (Liao et a l, 1997). Immobilised P. chrysosporium has been 
demonstrated to metabolise phenanthrene, pyrene and benzo[a]pyrene solubilised by 
sui'factant Tween 80 in a rotating biological contactor (RBC) reactor, an immobilized 
biofllm treatment reactor i*un at a temperature of 37°C (Zheng and Obbard, 2002).
The fungus Trichoderma harzianum was tested for the degi adation of the polycyclic 
ai’omatic hydi'ocarbon ^"^C-anthracene and was found to be capable of complete 
mineralisation of anthracene to carbon dioxide (Eimisch and Rehm, 1989). T. 
harzianum has also been shown to utilise pyrene as its sole caibon source (Hallberg 
and Saraswathy, 2002; Ravelet et a l, 2000).
P. putida and P. chrysosporium had previously not degraded hexadecane or 1- 
methylnaphthalene or pristane in liquid culture but had done so when grown on agar* 
plates. This could be due to either the microbial load in the water system not being 
sufficient to decrease the high hydrocarbon concentrations significantly or the solid 
support of the agar plates had a positive effect. Therefore, in this chapter the addition 
of sand as a solid support for P. putida and P. chrysosporium to adhere to was 
investigated.
Another two microorganisms, T, harzianum TO90, which has been shown to degrade 
cyanide (Ezzi and Lynch, 2002), and the soil isolate LFC D1 FI were examined for 
their ability to degrade hexadecane and pristane in a liquid system using GC-FID 
hydrocar bon analysis. The addition of glucose was assessed.
To determine whether the numbers in the microbial population were the reason for P. 
putida and P. chrysosporium lack of growth in hydrocarbon liquid media, the addition 
of glucose was investigated as a “star ter" role. P. putida was examined for its’ ability 
to degrade hexadecane and 1-methylnaphthalene in the presence and absence of
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glucose, and P. chrysosporium was examined for its’ ability to utilise hexadecane in 
the presence and absence of glucose.
To our knowledge the ability of P. chrysosporium and T. harzianum to degrade 
straight-chain aliphatics or a branched aliphatic, or P. putida to degrade a branched 
aliphatic has not been investigated before.
In the previous chapter and this chapter it became apparent that 1-methylnaphthalene 
was being lost rapidly through evaporation in the experimental system used. The 
shaking had more of an impact on this polycyclic ar omatic hydrocarbon than the 
microorganisms, so in the later experiments in this chapter it has not been included in 
the hydr ocarbon mixture, only hexadecane and pristane were used. Surprisingly the 
straight-chain aliphatic and branched aliphatic ar-e more persistent than the PAH.
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5 . 2  Materials and methods
5.2.1 Experimental system
250 ml flasks containing a total volume of 26 ml was used. The minimal media was 
made of the following four constituents which were prepared and sterilized separately 
by autoclaving and then mixed aseptically (Lynch and Harper, 1974): (i) magnesium 
sulphate (0.5 g/l), (ii) calcium chloride (0.1 g/l), (iii) potassium dihydrogen phosphate 
(5 g/l), (iv) the mineral salts mixture consisting of sodium nitrate (3.5 g/l), ferric 
chloride (0.1 g/l), sodium hydroxide (0.432 g/l), ZnS04.7H20 (0.05 g/l), MnCl2.4H20 
(0.05 g/l), CUCI2.2H2O (0.005 g/l), Na2Mo04.2H20 (0.005 g/l), Na2B40?.10H20 
(0.002 g/l), C0CI2.6H2O (0.0002 g/l) and EDTA (0.0035 g/l). The flasks were 
adjusted to pH 6.5 using 350 pi of 1 M sterilised NaOH. The sole carbon source was 
1000 mg/l filter sterilised hexadecane, pristane or 1-methylnaphthalene individually 
or in combinations.
The treatments were carried out in triplicate, since the hydr ocarbon analysis involved 
destructive sampling, a separate set of flasks containing the minimal media at the 
same concentrations of hydrocar bons and inoculum were prepared for each analysis 
time point. Flasks were shaken at 150 rpm at 25 °C for at least two weeks. Sterile 
foam bungs were used to seal the flasks.
5.2.2 Addition of sand as a solid support
Initially the P. chrysosporium inoculated hexadecane agar plate failed to sporulate 
which lead to the use of an agar plug of the mycelium in the glucose study. However, 
in this experiment, P. chrysosporium sporulating agar plates were obtained after 10 
days growth. The plate was scraped with 10 ml sterile RO water and the spores 
counted using a MOD-FUCH Rosenthal haemocytometer. An appropriate volume of 
this spore suspension was added to the experimental flasks to a final spore 
concentration of 1x 10  ^spores/ml.
P. putida was grown on a 1-methylnaphthalene agar plate, aseptically scraped with 10 
ml Ringer and transferred to a sterile centrifuge tube; this was stored at 4 °C for
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approximately 2 days before use. The Miles and Misra plate count technique was 
used to determine the bacterial numbers present and the appropriate volume of 
inoculum was added to the flasks to give IxlO^cfu/ml.
In certain treatments to observe the effect of adding a solid support 0.5 g acid-washed 
silica sand (2-3 mm) was added. The sand was autoclaved, left for 24 hours and 
autoclaved again. The control flasks contained sterile minimal media and 
hydi'ocarbons only.
5.2.3 Addition of glucose as an additional carbon source
P. chrysosporium was added as an agar plug of 0.5 cm x 0.5 cm of growing mycelium 
fi’om a hexadecane (sole carbon source) agar plate. P. putida was grown on a 1- 
methylnaphthalene agar plate and scraped with 10 ml Ringer aseptically and 
transfeiTed to a sterile centrifuge tube; this was stored at 4 °C for approximately 2 
days before use. The Miles and Misra plate count technique was used to determine 
the bacterial numbers present and the appropriate volume of inoculum was added to 
the flasks to give 1x10  ^cfu/ml.
LFC D1 FI was gi’own on nutrient agar until a lawn of bacteria was present 
(approximately 3 days), the plate was scraped with 10 ml % stiength Ringer and put in 
a sterile centrifuge tube, which was stored at 4 °C. Serial dilutions were made with % 
strength Ringer and 40 pi drop plates plated on nutrient agai' for counts. 1x10  ^cfu/ml 
of the original scrape plate solution was added to the experimental flasks.
An agai’ plug of T. harzianum TO90 (souice: M. Ezzi and J. Lynch, University of 
Surrey, original strain THl No. IMI 275950) was inoculated on to a potato dextrose 
agar plate for 17 days until a good sporulating lawn growth was present. The plate 
was scraped with 10 ml RO water and added to a sterile centrifuge tube on the day of 
the experiment. A serial dilution to 10'  ^using sterile % strength Ringers was carried 
out and a MOD-FUCH Rosenthal haemocytometer used to count the spores. A final 
concentration of 1x10  ^spores/ml was added to the experimental flasks.
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In certain treatments to observe the effect of adding a co-substiate, sterilised by 
autoclaving, D-glncose (Sigma) was also added at a final concentration of 5 g/1. The 
conti'ol flasks contained sterile minimal media and hydrocarbons only.
5.2.4 Microbial biomass estimations
Using an agar plug of P. chrysosporium as the inoculum meant dry weight biomass 
estimations would not have been accurate or representative, so the treatments were 
compared visually. The presence of P. chrysosporium and T. harzianum TO90 in the 
experimental flasks was confiimed at each time point by plating in duplicate 100 pi of 
the flask content in the middle of a malt extract agar plate or potato dextrose agar 
plate respectively, and then incubating at 25 °C, growth was looked for after 2 days. 
Spore counts on the flask contents of the T. harzianum TO90 treatments were also 
carried out.
P. putida and LFC D1 FI bacterial numbers was determined by Miles and Misra plate 
counts on nutrient agar plates. Where 1 ml of the flasks contents was serially diluted 
with Va strength Ringer and from suitable dilutions 40 pi was ‘dropped’ (from 
approximately a 15 cm height) on to nutrient agar plates, this allowed 8-10 ‘drops’ per 
plate and therefore 8-10 counts per plate, each plate was carried out in duplicate. The 
plating was carried out fiom one flask out of the triplicate set for each treatment. 
Nearly the whole sample in the flasks could be extiacted for hydrocarbon analysis as 
diy weight biomass estimations were not carried out.
100 pi of the sterile control flasks (with minimal media and hydrocarbons) contents 
were inoculated onto nutrient agai' plates to confirm sterility at each sampling point; 
no growth on agar plates was seen throughout the experiment.
5.2.5 Hydrocarbon analysis
The extraction procedure was exactly as detailed in Chapter 4 section 4.2.4 and the 
GC conditions are described in section 3.2.5.
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5 . 3  Results
5.3.1 Addition of sand as a solid support
5.3.1.1 Hydrocarbon Standard Curves
The standard curve used to calculate the unknown hydrocarbon concentrations in this 
experiment inoculated with P. putida or P. chrysosporium.
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Fig 5.1. Pristane and hexadecane (016) standard curve extracted from minimal media. For 
each sampling point a standard curve was constructed and used to calculate the unknown 
treatment concentrations. The values have been displayed to illustrate the correlation 
between data points.
The flasks contain a mixture of 1000 mg/1 hexadecane and 1000 mg/1 pristane 
however separate graphs have been used to illustrate the degradation of the two 
hydrocarbons for ease.
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5.3.1.2. Biomass estimations and hydrocarbon analysis
I  1000
cQ
1
:  500 
1
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Time (days)
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C16H34 + pristane 
C16H34+pristane + P. putida 
C16H3 4+pristane + P. putida + Sand
Fig 5.2. A comparison between the hexadecane (C16H34) concentration in sterile control 
flasks and flasks inoculated with P. putida with or without 0.5 g acid-washed silica sand. All 
flasks contained minimal media and 1000 mg/l hexadecane and pristane. The data points are 
the mean of three replicates and the error bars represent the standard error.
Treatment P. putida cfu/ml
Day 0 7 14 26
P. putida 0.80x10’ 5.75x10^ 7.90x10^ 3.70x10^
Ci6H34+pristane + P. putida 1.13x10’ 2.33x10^ 2.75x10^ 1.63x10^
Ci6H34+pristane + P. putida + sand 0.97x10’ 2.25x10^ 2.75x10^ 9.69x10^
Table 5.1. The Miles and Misra plate counts for P. putida. All treatment flasks contained 
minimal media, the hydrocarbons were present at 1000 mg/l each, and 0.5 g acid-washed 
silica sand was added to selected flasks.
The addition of sand in P. putida inoculated flasks (Fig 5.2) had a highly significant 
effect (f<0.001). The inoculation of P. putida alone with hexadecane and pristane 
did not promote hexadecane degradation, as there was no significant difference 
(f>0.05) from the sterile control throughout the experiment. All the experiments with
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P. putida in this chapter and previous chapters showed no ability to degrade either 
hexadecane or pristane. With sand added the hexadecane was removed by 
approximately 70%.
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♦ Cl 6H34 + pristane 
■ C16H34+pristane + P. putida 
-ta- C16H34+pristane + P. putida + sand
Fig 5.3. A comparison between the pristane concentration in sterile control flasks and with 
flasks inoculated with P. putida with or without 0.5 g acid-washed silica sand. All flasks 
contained minimal media and 1000 mg/l of pristane and hexadecane (C16H34). The data 
points are the mean of three replicates and the error bars represent the standard error.
A similar result to the hexadecane degradation was seen for pristane in these 
experimental flasks (Fig 5.3). With P. putida and sand a reduction to approximately 
300 mg/l pristane was seen, this was highly significant (P=0.001) from the control 
and the hydrocarbon plus P. putida treatments. The biomass estimations show an 
increase in numbers over the 26-day period. However, there are no differences 
between treatments. With the improved hydrocarbon metabolism in the treatments 
with sand added, an increase in numbers would be expected. Possibly, this is not seen 
because the P. putida cells have adhered to the sand and the number of cells in 
solution was not fully representative.
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P. putida alone did not degrade pristane and there was no significant difference 
(P>0.05) from the sterile control. In the presence of sand, P. putida degraded both 
hexadecane and pristane by 70% over 26 days.
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C16H34+pristane + P. chrysosporium 
C16H34+pristane + P. chrysosporium + sand
Fig 5.4. A comparison between the hexadecane (C16H34) concentration in sterile control 
flasks with flasks inoculated with P. chrysosporium with or without 0.5 g acid-washed silica 
sand. All flasks contained minimal media and 1000 mg/l pristane and hexadecane. The data 
points are the mean of three replicates and the error bars represent the standard error.
Treatment P. chrysosporium (spores/ml)
Day 0 7 14
P. chrysosporium 1.0x10^ 1.0x10^ 2.0x10^
Ci6H34+pristane + P. chrysosporium 1.0x10^ 7.0x10^ 5.2x10^
Ci6H34+pristane + P. chrysosporium + sand 1.0x10^ 2.6x10^ 1.1x10^
Table 5.2. The MOD-FUCH Rosenthal haemocytometer counts for P. chrysosporium. All the 
flasks contained minimal media.
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Fig 5.4 illustrates P. chrysosporium in this experiment degraded hexadecane to 
approximately 500 mg/l. The sterile control is highly significantly different 
(P<0.001) from the other two treatments at day 26. By day 26 the addition of sand 
with P. chrysosporium saw the same decrease in hexadecane concentration as with P. 
chrysosporium inoculum alone, these treatments were not significantly different 
(P>0.05). The results would indicate that the presence of sand did increase the rate of 
degradation of hexadecane, i.e. with P. chrysosporium and sand 50% of the 
hexadecane was degraded in 14 days, whereas with P. chrysosporium alone 50% 
degradation took 26 days. However, taking into account the error bars in Fig 5.4 at 
day 14, the real conclusion is more likely to be the treatment with sand behaved the 
same as the inoculated treatment without sand. Microbial biomass increased over the 
experimental period. Higher numbers of spores were counted in the treatment with 
sand compared to the treatments without. This supports the hydrocarbon degradation 
data, as at day fourteen the treatment with sand had utilised more hydrocarbon than 
the other treatments.
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Fig 5.5. A comparison between the pristane concentration in sterile control flasks and with 
flasks inoculated with P. chrysosporium with or without 0.5 g acid-washed silica sand. All
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flasks contained minimal media and 1000 mg/l hexadecane (C16H34) and pristane. The data 
points are the mean of three replicates and the error bars represent the standard error.
Pristane degradation by P. chrysosporium did not follow the same pattern as 
hexadecane degradation (Fig 5.5). There was no significant difference (P>0.05) 
between the sterile control and the two treatment flasks. The pristane concentration 
remained at the initial 1000 mg/l concentration. P. chrysosporium was shown to 
degrade hexadecane but not pristane.
5.3.2 Addition of giucose as an additional carbon source
5.3.2.1 Hydrocarbon standard curves
The standard curve used to calculate the unknown concentrations in treatment flasks 
in the P. chrysosporium and P. putida inoculated flasks is shown in Fig 5.6.
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Fig 5.6. The concentration of 1-methylnaphthalene (1-mnp) and hexadecane (C l6 ) extracted 
from minimal media against the peak area ratio. The value is shown to illustrate the 
correlation between data points. These are the standard curves used to calculate the 
unknown hydrocarbon concentrations in the treatment flasks.
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Standard curves used for the unknown concentrations in the treatment flasks 
inoculated with the soil isolate LFC D1 FI and T. harzianum (TO90) are illustrated 
below as this was a separate experiment from the experiment with P. putida and P. 
chrysosporium.
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Fig 5.7. The standard curve of pristane and hexadecane (C16) extracted from minimal 
media. Standard curves were carried out for each time point and similar graphs obtained for 
each time point. The value is illustrated to indicate the correlation between data points
5.3.2 2 Phanerochaete chrysosporium with hexadecane
The growth of P. chrysosporium was evident in all the treatments flasks inoculated 
with P. chrysosporium. The biomass was visible due to the agar plug. There were 
visual differences between the treatment flasks. The flasks with hexadecane and 
glucose inoculated with P. chrysosporium had the largest amount of growth and the 
‘clump’ was visually larger than flasks inoculated with P. chrysosporium containing 
hexadecane alone, therefore indicating P. chrysosporium utilised glucose.
Plating 100 pi on malt extract agar plates checked P. chrysosporium growth in all 
treatment flasks. All inoculated treatments had an active P. chrysosporium culture 
throughout the experimental period. The sterile control flasks remained sterile.
190
Chapter 5
With the P. chrysosporium inoculated flasks hexadecane was the only carbon source. 
The P. chrysosporium was taken from a hexadecane plate and therefore thought to be 
capable of degrading it, so as not to possibly prevent this only hexadecane was 
present. Unfortunately, in the liquid media no degradation was seen in any of the 
treatments neither the control flasks nor the inoculated flasks, with or without glucose 
addition.
5.3.2 3 Pseudomonas putida with hexadecane and 1-methylnaphthalene
1600
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■  1 -mnp - sterile control □  C l6 - sterile control
□  1-mnp + P. putida MC16 + P. putida
□  1-mnp+P. putida+glucose S  C76+P. putida^glucose
Fig 5.8. The concentration of 1-methylnaphthalene (1-mnp) and hexadecane (C l6) in 
minimal media treatment flasks, with or without inoculation with P. putida, and with or without 
5 g/1 glucose. The values shown represent the mean (n=3) and the error bars represent +/- 
standard error.
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Day 0 7 14
Treatments Microbial growth (cfu/ml)
C16H34+ 1-mnp (sterile conti*ol) X X X
P. putida 1.0x10^ 2.5x10® TMTC
C16H34+1-mnp + P. putida 1.0x10^ 4.5x10® TMTC
Ci6H34+l-mnp + P. putida + glucose 1.0x10^ 3.2x10® TMTC
Table 5.3. Microbial number estimations of P. putida In experimental flasks. All flasks contain 
minimal media and 1000 mg/l hexadecane (C16H34) and 1-methylnaphthalene (1-mnp). 
Glucose was present at 5 g/1 concentration. Key: X: no growth, TMTC: to many to count
With P. putida 1 -methylnaphthalene and hexadecane were used as the sole mixed 
carbon souice. At the time of the experiment P. putida had grown on 1- 
methylnaphthalene and hexadecane hydrocaibon agar plates. Again, the 1- 
methylnaphthalene decreased dramatically in all the flasks including the sterile 
control over the 14-day period, due to evaporation. Hexadecane remained at 1000 
mg/l at day 14 in the sterile control and the tieatment flasks inoculated with P. putida 
with and without glucose. Unfortunately, the eiror bais are very large for the 
hexadecane concentrations in the inoculated triplicate flasks. Considering the 
standard cui've of 1-methylnaphthalene in Fig 5.6 the conelation between points is 
lower than usual, this may explain the large standar d errors. There were no 
significant differences (P>0.05) between any of the tieatments by day 14. The plate 
counts increased over the experimental period, however there were no differences 
between the treatments.
Due to the constant loss of 1-methylnaphthalene through evaporation it was not 
included in the following experiment. Only hexadecane and pristane were used as the 
carbon souices at 1000 mg/l each as a mixtuie in the following experiment with T. 
harzianum and LFC D1 FI inoculation. Separate standard curves were used for 
calculating the unknown hydrocarbon concentrations in this experiment and it is 
illustrated in Fig 5.7.
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5.3.2 4 Unidentified bacterial soil isolate LFC D1 FI with hexadecane and 
pristane
E
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Fig 5.9. A comparison of the concentration of hexadecane (C16H34) in sterile control flasks 
with treatment flasks containing minimal media inoculated with LFC D1 F1 bacterial isolate 
with or without 5 g/1 glucose. The values shown are the mean of three replicates and error 
bars represent standard error.
Day 0 7 14
Treatments Microbial growth (cfu/ml)
C16H34+ pristane (sterile control) X X X
Soil isolate LFC Dl F l 1.0x10^ 1.1x10^ 1.4x10^
C16H34+ pristane + LFC Dl F l 1.0x10^ 8.4x10^ 1.4x10^
C16H34+ pristane + LFC D1 F1+ glucose 1.0x10^ 4.7x10^ 5.7x10^
Table 5.4. Microbial number estimations of the unidentified bacterial soil isolate LFC D1 F1 in 
experimental flasks. All flasks contain minimal media and 1000 mg/l hexadecane (C16H34) 
and pristane. Glucose was present at 5 g/1 concentration. Key: X = no growth.
LFC D1 FI in Fig 5.9 illustrates a decrease in hexadecane to approximately 700 mg/l 
in the inoculated flasks. With the addition of glucose LFC D l F l  degraded the 
hexadecane concentration even further to approximately 500 mg/l. This was 
attributable to LFC D1 FI because no decrease in hexadecane concentration was seen
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in the control flasks. At day fourteen all treatments were highly significantly different 
(f<0.001) from each other. Therefore, LFC D l F l  soil-isolated strain was shown to 
metabolise hexadecane by 30% and the addition of glucose improved the degradation 
to 50%. The hydrocarbon data correlates well with the biomass estimations, as a 
higher number of cfu/ml was demonstrated in the treatments with glucose. Therefore, 
suggesting the glucose did increase the microbial population and thus increased 
hydrocarbon degradation activity.
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Fig 5.10. A comparison of the concentration of pristane in sterile control flasks with treatment 
flasks inoculated with LFC D1 F I bacterial isolate with or without 5 g/1 glucose. All flasks 
contained minimal media and 1000 mg/l of hexadecane (C16H34) and pristane. The values 
shown are the mean of three replicates and error bars represent standard error.
LFC D l F l  was shown to degrade pristane in Fig 5.10. With the addition of glucose, 
LFC D l F l  degraded pristane even further from approximately 600 mg/l with LFC 
D l F l  alone to 400 mg/l with LFC D l F l  plus glucose. The sterile control was 
significantly different from the minimal media flasks containing the hydrocarbons 
pristane and hexadecane and LFC D1 F1(P=0.005), and the treatment flasks 
containing the hydrocarbons, inoculated with LFC D l F l  plus glucose (f<0.001) at 
day 14. The inoculated treatments with and without glucose were also significantly
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different from each other (P=0.009). Increases in plate counts were seen in all 
treatments over the 14 days (table 5.4).
LFC D l F l  was shown to degrade both hexadecane and pristane in a mixture by 30% 
and 40% respectively. In the presence of glucose this was increased to 50% and 60% 
degradation for hexadecane and pristane respectively.
5.3.2 5 Trichoderma harzianum with hexadecane and pristane
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Fig 5.11. A comparison of the concentration of hexadecane in sterile control flasks with 
treatment flasks inoculated with T. harzianum (090) with or without 5 g/1 glucose. All flasks 
contained minimal media and 1000 mg/l hexadecane (C16H34) and pristane. The values 
shown are the mean of three replicates and error bars represent standard error.
Day 0 7 14
T reatments Microbial growth (spores/ml)
C16H34+ pristane (sterile control) X X X
T. harzianum l.OxlO’ 1.7x10^ 5.3x10®
C16H34+ pristane+ T. harzianum l.OxlO’ 3.0x10“ 1.4x10®
C16H34+ pristane+ T. harzianum + glucose 1.0x 10^ 1.6x 10^ 6.4x10®
Table 5.5. Spore count estimations of T. harzianum in experimental flasks. All flasks contain 
minimal media and 1000 mg/l hexadecane (C16H34) and pristane. Glucose was present at 5
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g/l concentration. Key: X = no growth, all flasks were plated on potato dextrose agar to 
confirm active growth, all inoculated flasks sample grew on agar plates. In the inoculated 
flasks the T. harzianum grew in large clumps approximately 25 mm in diameter.
T. harzianum 090 (TO90) in Fig 5.11 was shown to degrade hexadecane over 14 
days. TO90 degraded Ci6 to 700 mg/l (by approximately 30%), with glucose the 
degradation reached was approximately 600 mg/l. This was reached by day 7 and 
plateau until day 14. At day 14 the control (which had no decrease in hexadecane 
degradation) is highly significantly different from both the T. harzianum inoculated 
treatment and the inoculated treatment with glucose (P<0.001). The inoculated 
treatment flasks with and without glucose were not significantly different (f>0.05) 
from each other by day 14. The addition of glucose with TO90 had a positive impact 
and speeded up degradation in the first 7 days, but by day 14 the difference had 
levelled out.
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Fig 5.12. A comparison of the concentration of pristane in sterile control flasks with treatment 
flasks inoculated with T. harzianum (TOGO) with or without 5 g/1 glucose. All flasks contained 
minimal media and 1000 mg/l hexadecane (C16H34) and pristane. The values shown are the 
mean of three replicates and error bars represent standard error.
The degradation of pristane by T. harzianum 090 followed a very similar pattern to 
hexadecane (fig 5.11). No loss of pristane was seen in the control, inoculation with
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r. harzianum 090 decreased pristane concentration to approximately 700 mg/l and 
with glucose decreased pristane to approximately 500 mg/l. The control was highly 
significantly different from the treatment flasks (P<0.005). By day 14, the inoculated 
flasks and the inoculated flasks with glucose were not significantly different (P>0.05). 
Again, glucose made a real impact during the first 7 days and speeded-up pristane 
degradation, but plateau until day 14, therefore the treatment without glucose ‘caught- 
up\
The significant decrease (P<0.05) in hexadecane and pristane in the presence of 
glucose over the first seven days corresponds with the biomass estimates. The highest 
spore count was observed at day seven in the flasks with glucose, this count also 
plateau to day fourteen along with the hydrocarbons mineralization (table 5.5). This 
supports that the presence of glucose increases microbial populations, which in turn 
increases hydrocarbon degr adation rates.
50% of the pristane and 40% of hexadecane was degraded by T. harzianum TO90 in 
14 days in the presence of glucose. Glucose had a positive effect and increased the 
initial hexadecane and pristane mineralisation rates.
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5.4 Discussion
Two separate experiments were car ried out in this chapter with P. putida and P. 
chrysosporium. In the later study, the degradation of hydrocarbons in the absence and 
presence of glucose was investigated. Neither P. chrysosporium nor P. putida 
degraded hexadecane, either in the presence or absence of glucose. It was not 
determined whether P. putida utilised 1-methylnaphthalene as it was completely lost 
in all treatments including the sterile control through abiotic processes. In the study 
with sand addition P. putida degraded both hexadecane and pristane by 70% only in 
the presence of sand. In all the previous experiments utilisation of any of the 
hydr ocarbons by P. putida was not shown. This suggests the addition of a solid 
support is required by P. putida to utilise hexadecane and pristane as carbon sources. 
This is confirmed by P. putida growing on hexadecane and pristane agar plates as sole 
carbon sources. The solid support must prompt a cellular mechanism to switch on the 
degradative enzymes involved in aliphatic degradation. Some microorganisms 
immobilised at surfaces exhibit different physiological characteristics than when the 
organisms is in the aqueous phase (Marshall and Goodman, 1994). Molecular 
adsorption occur s when a bacterium attaches to a surface and this process may alter 
the substratum surface properties and provide a concentrated source of nutrients for 
the microorganism to allow growth at the surface (Marshall, 1986).
The catabolic pathways responsible for degradation of C5-C12 n-alkanes, naphthalene, 
and toluene, are alk, nah and xyl respectively. These have been extensively 
characterised and are usually located on large plasmids, the OCT, NAH dsià TOL 
plasmids respectively in Pseudomonas sp. (Whyte et a l, 1997). It has been suggested 
by Guerin and Boyd (1995) that naphthalene degradation in P. putida is constitutive, 
naphthalene degradation activity was constitutively present at low levels under all 
growth conditions, and rapidly within 15 minutes exposure to naphthalene, high levels 
of errzyme activity were induced (Guerin and Boyd, 1995). Perhaps this is not the 
case for alk catabolic genes, this work has suggested that the alk catabolic enzymes 
ar*e induced in the right environment, i.e. attachment on to a solid surface, in the 
previous experiments P. putida did not degrade hexadecane or pristane.
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There has been speculation as to whether more than one of these plasmids can exist in 
a strain and therefore, the strain will only have the ability to degrade either alkanes or 
aromatic hydrocarbons. There is however evidence for both mutually exclusive and 
simultaneous degradation of both classes by single strains (Whyte et a l, 1997).
Whyte et al (1997) isolated two Pseudomonas sp. strains from petroleum-polluted 
soil. They showed one strain of Pseudomonas sp. (B17) did contain both alk and nah 
catabolic genes on two different plasmids in this naturally occuiTing bacterium. Two 
strains were capable of degrading naphthalene, dodecane, toluene and hexadecane at 
5°C and 25°C.
Pseudomonas putida biofilms have been studied: their accumulation rate was assessed 
on support materials. Charged materials (net positive or negative) supported the 
greatest biofilm accumulation and rate, followed by uncharged hydrophobic material, 
uncharged hydrophilic material supported very little biofilm development (Shreve, 
Olsen and Vogel, 1991). Two Pseudomonas sp. strains have been used to study 
mono-species and mixed-species biofilms, the bacteria moved between microcolonies, 
the movements between and inside microcolonies is flagellum driven (Tolker-Nielson 
et a l, 2000). Adsorbed biofilms are used in bioreactors to treat vapours, liquids or 
solids in a slurry phase, the microorgairisms could be indigenous populations, pure 
cultures or genetically modified organisms (Crawford and Crawford, 1996).
P. chrysosporium has consistently shown it is not capable of degr ading pristane. With 
hexadecane in all previous experiments P. chrysosporium could not reduce the 
hexadecane concentration in the liquid culture, however in the later experiment where 
sand was added P. chrysosporium inoculated flasks showed a decrease in hexadecane 
concentration by 50%. The addition of sand had no effect on this. Perhaps it was the 
‘type’ of inoculation that caused this change. It is only in this chapter that the P. 
chrysosporium inoculum used was fr om a hexadecane agar plate where P. 
chrysosporium had grown. In the glucose study an agai' plug of the mycelium was 
used as the inoculum whereas in the sand study a spore suspension was added. This 
highlights the specificity of the inoculum and an active spore suspension that has been 
‘pre-conditioned’ on the substrate is needed. This could also explain the P. 
chrysosporium strain inability to degrade pristane, as the strain was grown on a
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hexadecane agar plate and not a pristane agai' plate. Or the explanation is that P. 
chrysosporium did not degrade hexadecane and the results aie an artefact of the 
experimental protocol. In other studies P. chrysosporium has been difficult to grow; 
“White rot fimgi can not be directly applied to stirred tank reactors due to their 
sensitivity to mechanical shear stress”, however, in fixed film reactors the use of 
white rot fungi for pollutant biodégradation has been successful (Zheng and Obbaid, 
2002). Possibly the shaking of the flasks did cause some sti'ess to the fungi. 
Immobilised P. chrysosporium has been demonstrated to metabolise phenanthiene, 
pyiene and benzo[a]pyrene solubilised by surfactant Tween 80 in a rotating biological 
contactor (RBC) reactor, an immobilized biofilm treatment reactor run at a 
temperature of 37“C (Zheng and Obbard, 2002). In a shaking water system, the 
removal of benzo[a]pyrene by free cells of P. chrysosporium were detei'mined for 
thiee different strains in a nitiogen-limited medium (Liao et a l, 1997). In a separate 
experiment naphthalene, fluoranthene and benzo[a]pyrene removal was investigated 
in the presence of immobilized P. chrysosporium cells on a biocaiTier, composing of 
alginate and powdered activated carbon (PAC). The PAHs were removed by P. 
chrysosporium, the alginate-PAC biocarriers presented pores for the colonisation of 
the fungus mycelia, the PAC fr action affected the adsoi'ptive capacities of the PAHs 
(Liao et a l, 1997).
White rot fungi have been shown to degrade PAHs but not a stiaight-chain aliphatic, a 
straight-chain hydrocarbon is not of a similar structure to PAHs to be cometabolised 
by lignin peroxidases. However, in water it would be expected for hexadecane to 
‘fold-up’ in to a cyclic/tight form to satisfy entropy considerations and in this state it 
may resemble the shape of PAHs. The pristane would ‘fold up’ also but the methyl- 
branches could cause a steric hindrance with the lignin perioxidases and was therefore 
unable to be enzymatically metabolised.
T. harzianum 090 was shown to utilise 50% of the pristane and 40% of the 
hexadecane in fourteen days. Glucose had an impact over the first 7 days, but by the 
end of the experiment the inoculated treatments with and without glucose were at the 
same concentration. The effect of glucose increasing hexadecane and pristane 
degradation rates correlates well with another study with cyanide (Ezzi, 2001). In this
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study the addition of glucose dramatically increased cyanide metabolism and with 
subsequent glucose additions fuither degradation was seen. In the experiment in this 
chapter the glucose may have been fully metabolised in the first 7 days, so in the 
following days the rate decreased, however if a second ‘injection’ of glucose had 
occuiTed perhaps the overall decrease in the glucose tieatment would have been 
significantly lower than the inoculated treatment alone. This was the case in the 
cyanide study (Ezzi, 2001). This is the first case to illustiate 7! harzianum can 
degrade aliphatic and branched aliphatic hydrocarbons.
The hydrocarbon-polluted soil isolated stiain LFC D1 FI was also shown to degrade 
both pristane and hexadecane in a mixture by 40% and 30% respectively. In the 
presence of glucose this was increased to 60% and 50% degradation for pristane and 
hexadecane respectively. Glucose was shown to have a positive effect on 
hydrocarbon metabolism.
The effect of cosubstrates on hydr ocarbon degradation has been mixed. In a land 
farm study of oily sludge the addition of wheat straw did increase carbon dioxide 
production but inhibited hydrocarbon mineralisation (Bossert et al., 1984). This may 
be due to the straw acting as a substitute car bon source, and could be the preferxed 
substrate, compar ed to hydrocarbons. However, glucose among other cosubstrates 
was shown to increase phenanthrene metabolism (Yuan et a l, 2000). In a study by 
Br-uchon et al (1996) oleic acid was added as an additional carbon sour ce, to have a 
‘starter’ role, i.e. increasing bacterial population. Both oleic acid and hexadecane 
could be metabolised simultaneously, oleic acid did not inhibit or promote 
hexadecane degradation. Fluorene was degraded in the presence of a co-substrate by 
Mycobacterium sp. BBl, there was no growth on fluorene as the sole carbon source, 
however in the presence of yeast extract and peptone it was metabolised (Boldrin et 
a l, 1993). Kotterman et al (1998) studied the white rot fungus Bjerkandera sp. strain 
BOS55 ability to oxidise benzo[a]pyrene. The addition of glucose, autoclaved spent 
fungal medium or activated sludge as co-substrates were tested, however they had no 
significant effect.
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In this study the addition of glucose had no effect on P. putida and P. chrysosporium 
hydrocarbon degradation performance, it improved 7! harzianum 090 degradation 
rates of aliphatics over the initial period and glucose significantly improved a soil 
bacterium isolate degradative abilities of alkanes. The conclusion that can be drawn 
firom this work and others is that the addition of co-substrates is strain-dependent.
The type of cosubstrate, the strain and the system will all be determining factors and a 
general rule for cosubstrate addition is not possible to formulate. Each situation 
should be evaluated separately to detennine the impact of adding a cosubstrate.
The addition of sand as a solid surface for microbial attachment had a significantly 
positive effect with P. putida, but had no effect with P. chrysosporium. This may be 
due to P. putida being a bacterium while P. chrysosporium is a fungus, and surface 
attachment is more important for bacteria. There have been other studies using solid 
supports, but not necessarily as a ‘support’. In one case Amberlite-XAD7 was used in 
an enrichment cultur e of contaminated aquifer samples, the solid adsorber resin was 
used to ser-ve as a substrate reservoir and to keep hydrocarbon concentrations below 
toxic levels (Morasch et al., 2001). The additional benefit may have been the 
adsorption of potentially toxic metabolites from the cultur e medium. It has been 
shown that solid materials can enhance the growth of microorganisms and increase 
cell numbers, it can not be excluded that XAD7 in this instance had a similar- 
stimulatory effect as a solid surface as the bacteria did colonise its’ surface (Morasch 
et ah, 2001). Mentioned earlier, there have been a few studies using immobilised P. 
chrysosporium in hydrocarbon degradation studies (Zheng and Obbard, 2002; Liao et 
a l, 1997), but none have added a solid support simply to provide an attachment 
surface in a water system for either P. chrysosporium or P. putida before. The 
addition of a solid support needs to be further investigated, however early indications 
suggest that again this will be strain and system specific. Future work would be to 
investigate the effect of the sand on 7. harzianum and the bacterial isolate LFC D1 
FI. A study has used immobilised cells of 7. harzianum on calcium-alginate and 
found them to breakdown anthracene more effectively than free cells. 47% of 
isotopes were detected as carbon dioxide when using immobilised cells compared to 
10% for the free cells (Ermisch and Rehm, 1989).
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Chapter 6: Final discussion
Environmental pollution and subsequent bioremediation techniques have been studied 
for several years (e.g. Hoff, 1993). The scientific research into environmental 
contamination has involved investigating the pathways involved in contaminant 
breakdown both for microorganisms and mammals (Cemiglia et a l, 1978). The 
toxicity and persistence of certain contaminants has been ascertained, which has 
caused a gr eater interest in the ‘clean-up’ of these chemicals. Physical treatments, 
containment and biological methods have all been used viz. soil washing with 
surfactants, containment with non-permeable barriers in soil and bioremediation.
From all the work that has been done in the area of hydrocarbon remediation, the one 
clear conclusion is that no rules apply. Each case needs to be assessed on a case-by- 
case basis, as there are so many impacting factors that are all integrated and influence 
each other. With this in mind, interceptors are a unique ‘problem’. Interceptors are 
large containment tanks underneath the groimd of garage forecourts. They are legally 
required to prevent the release of petr oleum products into the general drainage 
system. Interceptors have a high level of hydrocarbon contamination from processed 
fuels viz. diesel and petrol, in a water environment that is mostly aerobic (air can 
penetrate through the drains; this is where the ‘spilt’ hydrocarbon waste, rainwater 
and water nm through into the interceptors). The interceptors are currently emptied 
approximately four* times a year* and disposed off as special waste which is costly both 
to the petr ol forecourt owners and to the environment. This study was to find suitable 
bioremediation applications that would allow in-situ degradation of the hydrocarbons 
to occur, so that the interceptors did not need emptying as special waste but could be
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reduced to low concentrations of contaminant to be allowed to discharge into the 
drainage system.
The uses of surfactants, nitrogen and phosphorus, inoculum and cometabolites have 
all been used in bioremediation studies, with mixed outcomes for each. A unique set 
of systems was experimented with in this project. The hydrocarbon combination of 
an alkane, a branched-alkane and a polycyclic aromatic hydrocarbon (PAH), namely 
hexadecane, pristane and 1-methylnaphthalene was studied; these hydrocarbons have 
been used in previous research in other mixtur es or singly but not as this mixtur e.
A range of surfactants have been used in bioremediation studies. In studies with 
single isolates of Pseudomonas (Allen et a l, 1999; van Hamme and Ward, 2001; 
Noordman et a l, 2002) and Sphingomonas (Cuny et a l, 1999) chemical surfactant 
addition was successful and improved hydrocarbon degradation. However, in other 
studies with mixed microbial populations (Marcoux et al, 2000; Guha and Jaffe,
1996) surfactants have had no effect on hydrocarbon metabolism. In this study, 
Biononex and Tween 80 did not improve diesel degradation in an aqueous 
enviromnent with a mixed microbial population. In fact, they were found to be 
utilised as carbon sources. With mixed populations a wide range of interactions are in 
play, it is predictable then that different siu'factants have different affects depending 
on the particular study/situation. In this study obviously the overall affect of the two 
surfactants on the microbial population was negative in terms of promotion of 
hydrocarbon degradation. It was therefore concluded the microorganisms in the 
system determine the degr ee of success of the surfactant addition.
The initial experiments in this thesis stress the need to address the limiting factor in 
the system. Nitrogen and phosphorus (N&P) addition dr amatically improved 
hydrocaibon mineralisation, by a sixteen-fold increase. This agreed with other studies 
that found nitrogen and phosphorus addition in shaken-flask water systems to increase 
hydrocarbon degradation (Fedorak and Westlake, 1981b; Olivieri et a l, 1978). 
However, in the same system (Chapter 3) shaken-flasks with non-sterile lake water 
and the three hydrocarbons, hexadecane, pristane and 1-methylnaphthalene at 
concentrations of 10,000 mg/l, no additions improved hydrocarbon degradation.
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Surfactants, glucose, soil-inoculum and even N&P had no effect with the 
concentration of the three hydrocarbons showing no significant decrease (P>0.05). 
Yuan et al. (2000) found nitrogen to have no impact on phenanthrene degradation.
The lake water microorganisms had the ability to degrade diesel but not the single 
hydrocarbons: hexadecane, pristane or 1-methylnaphthalene. With diesel, a vast 
range of hydrocarbon substr ates is available, providing an ideal environment for co­
oxidation to occur* (Eriksson et a l, 1999). The lake water* microorganisms in the first 
instance obviously degr aded hydrocarbons other than the three chosen in the second 
study. These substrates were not possible metabolites for the microbial consortium. 
The three hydrocarbons can volatise and do so when mixed vigorously, hr conclusion, 
nitr ogen and phosphor*us can have a considerable impact if they are the limiting 
factor, and the substrate is capable of oxidation by the microbial population in use.
In Chapters 2 and 3 non-sterile lake water with indigenous microorganisms that had 
not been previously exposed to large quantities of hydrocarbon were used. The 
addition of a mixed population of hydr ocarbon-degr aders, by adding a hydrocarbon- 
polluted soil inoculum, was investigated as to whether an additional microbial load, 
•‘conditioned’ to the substrates would improve hydrocarbon metabolism. When diesel 
was used as the carbon sour ce, the additional population did not increase diesel 
metabolism. An increase in respiration was observed, however when compared to 
other tr eatments this was attributed to the additional microbial load rather than an 
increase in diesel metabolism. Metabolism of hexadecane and pristane as the carbon 
substrates was not observed, although a reduction in the concentration of 1- 
methynaphthalene was recorded. The addition of nitrogen and phosphorus resulting 
in biostimulation of the indigenous microbial population proved to be more successful 
than bioaugmentation here, which agrees with a study by Leavitt and Brown (1994).
It should be noted, however that other studies have shown inoculation to be successful 
(Vecchioli et a l, 1990; Coates et a l, 1997).
This is the first instance of investigating the capability o ff . chiysosporium to degrade 
an aliphatic and branched aliphatic hydrocarbon. All previous attention in using P. 
chrysosporium in bioremediation studies has been with PAHs: phenanthrene 
(Sutherland et a/., 1991; Zheng and Obbard, 2002) and benzo[a]pyrene (Liao et al,
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1997). The common substructures in lignin: alkylarenes, biphenyls and catechol 
diethers lead to the investigation of the extracellular lignin perioxidases (produced by 
white rot fungi) to biodegrade environmental pollutants PAHs (Harayama, 1997). P. 
chrysosporium has been shown to reduce total petroleum hydrocarbons (TPH) in oil 
contaminated soil, however the marked reduction was seen in the PAHs, naphthalene, 
phenanthrene, fluoranthene, pyrene, benzo[a]anthracene and chrysene (Yateem et al,
1998). In this work P. chrysosporium was shown to grow on hexadecane, pristane 
and 1-methylnaphthalene as sole carbon sources on agar plates. However, in shaken 
flasks containing minimal media and the hydrocarbons; hexadecane, pristane and 1- 
methylnaphthalene, P. chrysosporium was not observed to decrease the hydrocarbon 
concentrations. These flasks were inoculated with a spore suspension from P, 
chrysosporium grown on malt extract agar plates. In a later experiment, a spore 
suspension of P. chrysosporium from an agar plate with hexadecane as the sole 
carbon source was used as the inoculum which resulted in hexadecane degr adation by 
P. chrysosporium. In this experiment the effectiveness of adding sand as a solid 
support was evaluated, no significant enhancement (P>0.05) of hexadecane 
degradation in the presence of sand was foimd. In an experiment to determine the 
effect of glucose, P. chrysosporium was added by inoculation with a plug of the 
fringal mycelium grown on a hexadecane agar plate. P. chrysosporium was not fomid 
to degrade either hexadecane or pristane here. To conclude, P. chrysosporium was 
shown to degrade hexadecane in liquid media; the sour ce of inoculation being 
important. Emicliment with hydrocarbon (induction) along with using active spores 
(and not mycelia alone) was found to be necessary.
The addition of glucose as a co-substrate was assessed in water systems to determine 
its’ usefulness in an interceptor situation. Glucose was used in shaken flasks with 
lake water along with a mixed microbial community and in another experiment with 
minimal media and single defined isolates. In the lake water, with diesel as the 
substr ate the addition of glucose did not improve hydr ocarbon metabolism. An 
increase in respiration was observed which, however on comparison with other 
treatments could not be attributed to diesel degradation but was more likely due to the 
microbial community utilising the glucose as a carbon soiuce. The bacterial numbers 
were sufficient to see rapid diesel metabolism when additional nitrogen and
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phosphorus were present. Again, with hexadecane, pristane and 1-methylnaphthalene 
as the hydrocarbon substrates in lake water the addition of glucose did not result in an 
enlianced rate of degradation. The effect of glucose with the defined hydrocarbon 
substrates, single isolates: P. putida, P. chrysosporium, T. harzianum and a soil isolate 
LFC D1 FI in minimal media shaken flasks was also assessed. Glucose had no effect 
on 1-methylnaphthalene and pristane metabolism with P. putida. Glucose also had no 
impact on hexadecane degiadation by P. chrysosporium. However, with the soil 
isolate LFC D1 FI addition of glucose significantly increased (P<0.05) hexadecane 
and pristane metabolism. The isolate named LFC D1 FI was, in earlier studies found 
to grow on hexadecane and pristane agar plates and was therefore used in the glucose 
study. The unidentified bacterial stiain LFC D1 FI was shown to degrade pristane 
(by 30%) and hexadecane (by 40%). This was increased in the presence of glucose to 
approximately 60% and 50% respectively.
The ability of T. harzianum to degrade aliphatic hydrocarbons; hexadecane and 
pristane was assessed. Initial studies showed that T. harzianum 090 grew on pristane 
agar plates and hexadecane agar plates as the sole carbon source. It was, therefore 
used in later studies where hydrocarbon degradation was measured. T. harzianum 
090 was shown to metabolise 50% of the pristane and 40% of the hexadecane after 
14 days. The addition of glucose as a cosubstrate was assessed and proved to have a 
positive impact over the first seven days. The addition of glucose significantly 
improved the rate of metabolism (P<0.05). The positive effect of glucose on the rate 
of contaminant degi adation by T. harzianum 090 has previously been shown with 
cyanide (Ezzi, 2001).
Effects observed with the addition of glucose agree with the literature. Cosubstrate 
addition has had both a negative (Bossert et a l, 1984; Bruchon et a l, 1996) and 
positive (Yuan et a l, 2000; Boldrin et a l, 1993) affect on hydrocarbon 
biodégradation. The results confirm that the addition of a cosubstrate is system 
specific, the microorganisms used in the study influence the effectiveness of the 
treatments, and the same is evident for suifactants. The two techniques; surfactant 
and co-substiate addition are strain and species specific.
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Experiments with P. putida were chosen to be carried out in this project based on 
previous studies (Nwachukwu, 2001; Grimm and Harwood, 1997). P. putida has 
been shown to metabolise 1-methylnaphthalene (Leblond et a l, 2001) and 
hexadecane (Whyte et a l, 1997) previously. However, in the present study, P. putida 
was shown to degrade both hexadecane and pristane in liquid media but only in the 
presence of sand. P. putida was also found to grow on solid media containing 
hexadecane, pristane and 1-methylnaphthalene as the sole carbon sources. However, 
in shaken flasks containing minimal media, surprisingly P. putida was not capable of 
degrading these hydrocarbons. To test the hypothesis that P. putida (and P. 
chrysosporiuiri) needed a surface to attach to, for the induction of the catabolic 
pathways necessary to degrade hexadecane and pristane in this environment, sand was 
added as a solid support. Bacteria, on attachment to a surface switch on whole 
different sets of genes, which make it effectively a substantially different organism to 
deal with (Marshall and Goodman, 1994).
A comparison of growth and substrate utilization kinetics has been made on an 
immobilized and suspended toluene degrading P. putida strain. The growth kinetics 
were drastically altered upon immobilization whereas, substrate utilization rates 
remained unchanged (Shreve and Vogel, 1993). Using a laboratory scale waste gas 
biofilter P. putida and an Acinetobacter sp. were studied in biofilm interactions 
utilizing the genes involved in toluene biodégradation. P. putida was found to be the 
dominant member of the biofilm community and foimd to degrade 65% of the 
toluene. It was also shown that metabolic interactions occiuTed between the species 
in this aerobic degiadative biofilm community within a liquid culture medium (Moller 
e ta l, 1998).
Abu-Salah et ah (1996) compared suspended cells with sand-attached cultures and 
PAC (powdered activated carbon)-immobilised cultures ability to degiade three toxic 
compounds; phenol, p-nitrophenol and phenanthrene. Activated carbon provides a 
supporting material for microorganisms and a high adsorption capacity for organic 
contaminants. It is used as a polishing step in the pmifrcation of groundwater and 
drinking water. This immediate adsorption of the toxic compounds and then gradual 
diffusion regulates the concentration of free toxic material, thus protecting the
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attached microorganisms. At the lower concentrations of the compounds (<150 mg/1) 
the degr adation patterns and rates for the three cultures (suspended cells, sand- 
attached cells and PAC-attached cells) were similar. However, at the higher 
concentrations degradation was dramatically decreased or even ceased in the 
suspended cell and sand-attached cultur es, whereas the PAC-immobilised cultur es 
maintained rapid degradation rates (Abu-Salah et a l, 1996).
The sand-attached biofilm culture performance at the lower and intermediate 
concentrations of the toxicants was higher than the suspended culture. The sand- 
immobilised culture advantage may have been due to biofilm formation giving limited 
resistance to the high toxicity of the chemicals (Abu-Salah et a l, 1996).
Arfificial biofilms of hydrocarbon degrading bacteria have been established on gravel 
particles and glass plates. In batch cultures, these biofilms were shown to have a 
positive effect on crude oil degr adation in contaminated seawater samples. A 
potential use in trickling filters (gravel particles) and bioreactors (glass plates) for 
remediating oily waste water was proposed (Al-Awadlii et a l, 2003). Immobilised 
microorganisms on macroalgae have been investigated into their usefulness in 
bioremediation of marine environments. Oil-degrading microorganisms immobilised 
as biofilms on macroalgae thalli were shaken in spiked sea water batches, they 
consumed 64-98% of «-octadecane and approximately 38-56% of phenanthr ene after 
2 weeks (Radwan et a l, 2002). Biofilm formation on pyrene crystals in liquid 
medium has been demonstrated (Eriksson et a l, 2002). Using these colonised 
crystals to inoculate secondar y cultures with 40 mg/1 pyrene or 40 mg/1 phenanthrene 
showed the primary biofilm culture removed 50% and 98% of the pyrene and 
phenanthrene respectively in 60 days. It was proposed the microorganisms attached 
to the solid crystals had an advantage over rmattached bacteria due to the low 
solubility of pyrene in water (0.13 g/1). A relatively high rate of degradation of 
pyrene 0.0139 mg/l/hr* is reported (Eriksson et a l, 2002). The degradation rate of 
hexadecane and pristane of P. putida as a biofilm in the present study was 1.12 
mg/l/hr. The substrates are very different so a comparison should be made loosely.
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The beneficial effects of creating a biofilm and surface attacliment in the 
bioremediation of hydrocarbons in liquid systems have been illustrated in Chapter 5. 
The addition of a smface in a liquid environment proved to be effective for P. putida 
and improved hydrocarbon mineralisation but not P. chrysosporium. Biofilm 
formation is more often seen with bacterial species rather than fungi.
Table 6.1 summarises the degradation rates observed in the present study. Table 6.2 
was constructed to allow a comparison between results found here and other relevant 
work in the literature. Only studies in similar water systems and with enough data to 
calculate degr adation rates were taken in to account here. The degradation rates for 
the diesel in lake water with nitrogen and phosphorus addition were calculated by 
using the values in table 2.1, it needs to be noted here that these are estimated values 
of carbon utilisation and inefficiencies in the system have not been taken into account. 
The N&P addition gives the highest rate of hydrocarbon degradation, with a slight 
improvement when soil inoculum is added along with N&P. Comparing rates of 
hydrocarbon degradation when using single microorganisms, T. harzianum 090, in 
the presence of glucose gave the fastest rates. The addition of glucose, improved the 
degradation rates in the case of both T. harzianum 090 and soil isolate LFC D1 FI.
P. putida in the presence of sand compares well with the degradation rates seen. 
Compared to other relevant studies (Olivieri et a l, 1978; Brnchon et a l, 1996; Cuny 
et a l, 1999), P. putida, LFC D1 FI and T. harzianum gave as high, if not higher 
degradation rates. Studies by Eriksson et a l (1998) found high degradation rates; 
Tsyban et al (1978) have reported very high degr adation rates of 90-100 mg/l/hr*.
The limitations to the studies presented here have been discussed throughout. There 
are limitations with the data on respiration as further proof of substrate mineralisation 
would have been preferred. However, one of the advantages of using carbon dioxide 
measurements as opposed to substrate concentration analysis is that destructive 
sampling is not necessary, allowing a large data set to be acquired. After appropr*iate 
modifications in the hydrocarbon analysis method a much-improved standard error 
was obtained. The major impact on the efficiency of the hydrocarbon extraction was 
when only 15 ml could be used due to 10 ml being needed for dry weight biomass 
estimations. The biomass deteiininations were canied out using three different
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methods viz, FDA, dry weight filti'ation and finally plate and spore counts. The 
optimum method for these studies was reached with the plate and spore counts.
The work here compares well with the studies in the literatur e. P. putida with sand, T. 
harzianum 090 and soil isolate LFC D1 FI with co-substiates, and combinations of 
these ar e serious candidates primarily for the in-situ clean-up of garage forecouit 
interceptors and also other contaminated waters and land. Induction of biofilm 
formation is an important option for the bioremediation of contaminated waters.
Substrate Initial Inoculum/ System Amount Degradation
cone. treatment degraded ( rate
( mg/1) mg/1) (mg r* hr ' )
Diesel 10000 N+P Non-sterile 
lake water
8059 48.0
Diesel 10000 N+P and soil 
inoculum
Non-sterile 
lake water
8783 52.3
Hexadecane 1000 P. putida + sand Minimal
media
700 1.1
Pristane 1000 P. putida + sand Minimal
media
700 1.1
Hexadecane 1000 P. chrysosporium Minimal
media
500 0.8
Hexadecane 1000 LFC DlFl Minimal 300 0.9
+ glucose media 500 1.5
Pristane 1000 LFC DlFl Minimal 400 1.2
+ glucose media 600 1.8
Hexadecane 1000 T. harzianum TO90 Minimal 300 0.9
+ Glucose media 400 2.4
Pristane 1000 r, harzianum TO90 Minimal 300 0.9
+ Glucose media 500 3.0
Table 6.1. Summary of the degradation rates of the different inoculum and treatments used in 
this study.
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Substrate Initial Inoculum/ System Amount Degradation
conc. treatment degraded rate/
( mg/1) (mg/1) (mg 1 ' hr')
Basra crude 550 N+P and 100 ml seawater 385 in 20 0.80
oil seawater in 250 ml flasks, days®
(Olivieri et ai, microbes incubated at 25 °C
1978) shaken at 100 ipm
''C- 500 Marine 100 ml seawater 250 in 30 0.35
hexadecane bacterial in flasks at 20 ®C days ^
(Bruchon et consortium (6 shaken at 80 ipm
al, 1996) strains) + 
Inipol EAP 22
Phenanthrene 400 Sphingomonas 50 ml sterilised 208 in 8.3 1.06
(Cuny et al. sp. seawater in flasks days
1999) + Tween 80 at 20 °C shaken at 
96 ipm
340 in 8.3 
days ^
1.73
Defined n- 10000 Caspian mixed 100 ml seawater 9500 98.96
alkanes C,o- cultuie in 250 ml flasks at
C24 Caspian 20 °C shaken for 8700 90.63
(Tsyban et al. single-isolate 4-6 days
1978) K13
Arctic mixed 9700 101.04
culture
Arctic single- 9000" 93.75
isolate 22T
Diesel 10000 Bacterial 100 ml sterilised 9700 in 31 13.04
(containing no (LRC-1) water in flasks at days ®
PAHs) commercial 20 °C shaken at
(Eriksson et mixture + 40 rpm
al, 1998) nutrients
+ surfactant 9700 in 14 
days ®
28.87
Table 6.2. Summary of the degradation rates of studies In water systems In the literature. 
Hydrocarbons measured by; ® carbon tetrachloride extraction and Infrared spectroscopy,  ^
radlo-respirometry, “acetonltrlle extraction and HPLC,  ^GC-FID, ® SPME and GC-MS
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Further work into the use of biofilms in bioremediation of water systems (particularly 
with interceptors) is essential. Other supports need to be investigated with P. putida; 
different hydrocarbon substi'ates need to be assessed with P. putida and sand, and 
other additions, i.e. glucose, N&P, etc. The effect of sand addition on T. harzianum 
and the bacterial strain LFC D1 FI could be investigated to determine whether this 
would further improve hydrocarbon degradation. This could add to the theoiy that 
bacteria benefit more from attachment than fungi. The use of biofilms needs to be 
frirtlier extended to other bacterial species involved in bioremediation, i.e. 
Mycobacterium sp. and other contaminated water situations such as surface waters, 
aquifers, etc.
Other hydrocarbon substrates that can be utilised by T. harzianum and LFC D1 FI 
need to be investigated. It would be assumed that T. harzianum was capable of 
degrading most aliphatics and branched aliphatics and therefore a real contaminant, 
like diesel, should be metabolised by T. harzianum and LFC D1 FI. A mixtuie of 
PAHs, along with the longer chain aliphatics in the fonn of a mixture could be used as 
a substrate for T, harzianum, LFC D1 FI and P. putida.
Mixtures of the three stains; P. putida, T harzianum and LFC D l F l  could prove to 
be very effective in degrading a complex mixture of compounds. Specific groups of 
microorganisms degrade specific chemical classes, in this way consortia of microbes 
can degrade a whole spectrum of chemical species and inteimediates (Betts, 1993). 
Once the optimum mix of strains, support material, co-substrates and N&P have been 
assessed, and the best options established, a real interceptor situation needs to be 
investigated to find the most reliable and effective metabolism rates in-situ.
With the ability of T. harzianum to degiade hydrocarbons including PAHs (Eimisch 
and Rehm, 1989; Hallberg and Saraswathy, 2002; Ravelet et a l, 2000) and cyanide 
(Ezzi and Lynch, 2002), and P. putida demonstrating the capability to metabolise 
hydiocarbons including PAHs (Guerin and Boyd, 1995; Marx and Aitken, 2000) and 
cyanide (Babu et a l, 1995; Silva-Avalos et a l, 1990) these two organisms would be 
of much interest at sites with both cyanide and organic contamination, such as former
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manufactui'ed gas plant (MGP) sites. Futm*e work could involve the use of these two 
microorganisms in degrading both hydiocærbons and cyanide simultaneously.
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Appendix 1: Statistics
1.1 Standard Error Calculation
The standard error, shown as eiTor bars tlnoughout the thesis, was calculated as the 
standard deviation (SD) divided by the square root of the number of replicates i.e. 
SD 
Vn
(where n=3)
Standard deviation was calculated by:
SD = y f
n
The above equation states that the Standar d Deviation equals the squar e root of the 
sum of squai'ed differences of the replicates from their mean, divided by the number 
of replicates.
1.2 One-way analysis of variance (ANOVA)
It is assumed that the values obtained within each treatment set follow a normal 
distribution and all tr eatments have similar variance.
n is the total number of replicates in the experiment
i.e. in an experiment with 4 different treatments each with tliree replicates
n = ni + U2 + U3 + ri4 = 12
_____________________________________________________________ Appendix 1
And, T is the total sum of the values for all replicates for each tr eatment:
T = Ti +T2+T3 + T4
SS is the sums of squar es;
SS(factor) measures between-sample variation (also called SS(between)),
SS(error) measures within-sample variation (also called SS(within)),
SS (total) is a measure of the variation in all data values.
The SS (factor) is then calculated by:
SS(between) = [Ti^/ni + T2^ /U2 + Ts^/ns + T4V IÎ4] -  T^/n
SS(Total) = Ix ^ -T V n
Where, is the sum of the squares of every replicate in all the treatments.
SS(erTor) = SS(total) -  SS(factor)
The ANOVA table:
Source df SS MS J
Between k -1 SS (factor) MS(factor)= SS (factor)/ k -1 MS(factor)/MS(error)
treatments
Error n - k SS (error) MS(erTor) = SS(erTor)/ n - k
Total n - 1 SS (total)
Where: n = total number of replicates; k =number of treatments; df = degrees of 
freedom
The F  value is computed using the ANOVA table. Since P=0.05 significance level 
was used ‘Percentage points of the F  Distribution’ table at P=0.05 is used to find 
F.05, (k-1), (n-k). Comparing the value given in the F  disti'ibution table with the
_____________________________________________________________ Appendix 1
computed F  value (which is the ratio of SS (between tieatments): SS(error)), when F  
exceeds the table value there is a significant difference between the treatments.
The analysis of variance tells us only that there are differences between treatments in 
the experiment as a whole. To determine which treatments differ fiom one another 
the least significant difference between any two means is calculated.
Calculations for Analysis of Variance are similar to those of a Mest; in par ticulai", the 
residual mean square is an estimate of s^  for each treatment, because the variance for 
all treatments is assumed to be equal in an Analysis of Variance (cr^  is used in a t-test 
and is the equivalent of Sd in ANOVA).
In the ^-test, Sd^  is calculated as follows: g .71^  ^= —L. + —é—
ni 02
In the analysis of variance, s^  for each treatment is assumed to be the same, and if n 
for each tr eatment is the same, then any two means can be compared by calculating 
Sd^  as follows:
Sd^  = 2 x residual mean squar e / n 
Sd is the square root of Sd^  and t is:
m
For any two particular means, the calculated t value is compar ed with that in a Mable, 
using the df of the residual mean square (because this reflects the residual var*iance in 
the whole experiment).
Source:
Alan H. Kvanli (1998) Statistics: A computer integrated approach. West Publishing 
Company ISBN 0-314-60541-X
http://helios.bto.ed.ac.Uk/bto/statistics/tress6.htm/tress6.html#LSD
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Appendix 2: Examples of GC Traces
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Appendix 3: Risk Assessment
UNIVERSITY OF SURREY 
CHEMISTRY RISK ASSESSMENT FORM
Experiment Title: 
Name of Supervisor; 
Location of Work;
Collection of water from the University of Surrey Lake
Prof. Jim Lynch
Lake
(not more than 36 months )
HAZARDOUS SUBSTANCE
No hazaradous substances
CLASS QUANTITY MEL or OES mg/m3 SPECIAL HAZARDS
Infection by 
leptospirosis may be 
possible due to rats 
In the area of the 
lake.
M.E.L. (maximum exposure limit); OES (occupational exposure standard)
According to Classification Packaging and labelling Regulations 1988; F; flammable ; T; toxic 
Cg: carcinogenic; C; corrosive; H; harmful; I; irritant; O; oxidant; NR; non regulated_________
REACTIVE HAZARDS 
No special hazards ( ) Other specify below (
EXPERIMENTAL PROCEDURE If procedure attached tick here ( )
System of work Document No.(If applicable)............
Brief details of procedure
500ml water samples taken using 500ml Duran bottles and a metal rod with clamp to allow 
personnel to reach water while firmly on bank. Wear gloves and shoes with a grip.
MEASURES TO BE ADOPTED TO PREVENT EXPOSURE AND CONTROL RISK
open bench only ( )
fume cupboard needed ( )
other local exhaust ventilation ( )
stainless steel washdown
fume cupboard ( )
eye protection ( )
total enclosure ( ) gloves
lab coat
(X) 
( )
RESTRICTIONS ON USE
Work not to be done outside normal working hours (X)
Work not to be left unattended ( )
Work to be done by named persons ( )
Work to be done in restricted area Location
Final Year and Socrates students restricted to semester time oniy 0900 -1700
EMERGENCY PROCEDURES FIREFIGHTING MEASURES
Spillage of uncontrolled release; Absorb with tissue CARBON DIOXIDE
Departmental spillage kit ( ) FOAM
Breathing apparatus/boots/heavy duty gloves ( ) NOT APPLICABLE X
Other - Please specify MAY EVOLVE TOXIC FUMES 
IN FIRE
BREATHING APPARATUS
If personnel are affected, treatment to be adopted
EYES irrigate thoroughly with water for at least 15 minutes OBTAIN MEDICAL ATTENTION 
to ensure adequate flushing separate eyelids with fingers
LUNGS remove from exposure,rest & keep warm. In severe case obtain medical attention 
SKIN wash of skin thoroughly with soap and water. Remove contaminated clothing and 
wash before re-use
MOUTH wash out mouth thoroughly with water and give plenty of water to drink 
OBTAIN MEDICAL ATTENTION
DISPOSAL PROCEDURE - During and at end of procedure
Used In microbiological experiment therefore autoclaved and through disposal system 
in 04AX02
Via Departmental system correctly labelled to waste collection point in 25A203 ( ) 
OTHER including environmental information
OPERATOR
This section must be signed by the operator. In signing this section the operator 
acknowledges that he / she has read and will adhere to any conditions laid down 
in this risk assessment
OPERATOR NAME 
(BLOCK LETTERS) 
PAMELA PHILLIPS
CATEGORY
PG
SIGNATURE
U : UG student: P : PG student; R : Research Worker; T : Technician; V : Visitor 
A : Academic Staff; E : Experimental Officer
DECLARATION
To the best of my knowledge the information given in this document is correct and 
presents a safe system of work. I have instructed the operator on the matter, and 
agree that he / she is capable of conducting this work.
Supervisor
I have received and read the above safety instructions and risk assessment. To the 
best of my knowledge I agree that the instructions are correct and accurate and 
represents safe practice of work
Departmental Safety Adviser Date
Reassessment Date Review Date Reviewed by
Revised 01.08.02 VHZ
